
,,,,0

A M N TO MARS

PREL I M I NARY DES I GN REI,I I Eli 2

MAY 12:1986

TEXAS
SPACE
SERVICES

THE UN IVERSI TY OF TEXAS AT AUST IN



I
I
I
I
I

EXECUTIVE OVERVIEW

A prominent item on NASA°s agenda of future space exploration

activities is a manned mission to Mars. In response to this, design groups at

the University of Texas, Texas A&M University, and several other

institutions are conducting studies in conjunction with NASA°s Johnson

Space Center. The goal of this work is to provide alternative viewpoints on

important aspects of such a mission. Texas Space Services has been

working on two such aspects, a two stage ascent/descent vehicle, and a

reconnaissance of the Martian moons. Described in this final report is the

work done by TSS during this design period. Areas investigated by the

Ascent/Descent group included aerodynamic analysis, descent analysis,

ascent analysis, propellant selection, in-situ propellant production, main

engine sizing, and preliminary vehicle configuration and scenario

development. Areas of Moon Reconnaissance Group investigation included

the science of Phobos and Deimos, transfer trajectory analysis, landing

sites on the Martian moons, precursor mission definition, preliminary

vehicle configuration for a manned mission to Phobos, definition of an

unmanned probe mission to Deimos, and development of exploration

scenarios.
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I 0 GENERAL c.......• _,LII"_['IAR','

°.

Texas Space Services has developed two areas of a manned Mars

mi ....".:.:,_onfor preliminary design: a two stage ascent/descent vehicle and a

reconnaissance of the Martian moons. A primary goal of this design effort

has been to establish a permanant presence in the Martian system.

Considerable work on a single stage ascent/descent vehicle has been

conducted by a previous contractor. TSS has developed a two stage vehicle

as acornparisonstudy. A two stage vehicle offers several advantages over

a one stage vehicle, including a lighter ascent weight and greater cargo

capacity The lower stage of the vehicle, which will be left on the surface

at departure, will be used for surface operations including habitation and

in-situ propellant production. The lower stage will also provide a spac:e for

cargo which will he .h:-ougr_tto the ._=urfac_and not returned with the ascent

vehicle, inc:le-ding a surface rover.

Unlike the ascent/descent vehicle, little work had been done

previously on a reconnassianc:e mission to the moons, Phobos and Deimos.

TSS con::.iders this exploration a primary objective in a mission to the

Martian system The origins arid compositions of the moons are unknowrl,

and there surface features are unexplained A manned mission to one or both

of the moons would return significant amounts of scientific data. If the

moons are indeed captured asteroids, as some scientists theorize, then

operations developed from exploration of the moons could be used in future

missions to the asteroid belt. Work done by T c'.,_ in this area has included

outlining of requirements of a precursor mission to Phobos and Deimos, the

preliminary design of a Transfer Reconnassiance Vehicle (TRV) to travel to

Phohos, the development of a scenario for the exploration of Phobos, and the

outlining of the requirernents for an unmanned probe to Deimos.
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The Manned Mors Mission Program at TSS is divided into three groups.

The Ascent/Descent Vehicle Group has been responsible for the preliminary

design of a two stage ascent/descent vehicle. Research of delta-'.,'

requirements for deorbit and descent, and for ascent have been conducted.

Also, studies on in-situ propellant production and aerodynamics have been

conducted. A vehicle configuration has been selected, and studies have

focused on determining the mass and volume requirements of this

configuration

The Mars Moon Reconnaissance Group has been responsible for a

preliminary study of a reconnaissance mission to the Martian moons. The

trajectory analysis has involved delta-v trade studies for several mission

scenarios. The moon science research has involved the study of the geology

arid topography of Phobos and Deimos. These studies have led to the

development of a p!an for the exploration of these two moons First, a

precursor mission to the moons was defined to obtain information about

them. Next, a mission scenario was developed fora manned exploration of

F'hobos, and a vehic!e was designed to accomplish this. In addition, the

requirements for an unmanned probe to Deimos were developed.

The Management Group is composed of the project manager, the

managers of the two technical groups, and the contract monitor. This group

has been responsible for assigning tasks, developing timelines, and

assisting the project manager.

2
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2.0 ASCENT/DESCENT GROUP

The results of the GOTC study of the bent biconic design in the Fall of

1985 showed that the biconic ballistic coefficient is much too high to

effectively slow the vehicle without extremely large drag devices, such as

rotofoils and parachutes. Thus, TSS chose to focus its attention on two

possible vehicles, an Apollo-type capsule, and a flying saucer type vehicle.

The latter proved to be most effective in terms of atmospheric entry,

realizing a total of only 9,000 kg of fuel to place a total of 157,000 kg on

the planet's surface.

2.I VEHICLE CONFIGURATION

Three two-stage vehicle configurations were initially studied. The

criteria for vehicle selection included the capability to leave the descent

stage behind for later reuse and the abililty to completely reuse the ascent

stage. This would be accomplished by having additional descent stages on

the barge (in orbit) and having a single set of reusable engines on the ascent

vehicle. The following requirements and assumptions were defined for the

vehicle sizing analysis:

IA one-way manned descent capable of carrying 500 kilograms

of payload.

eOnly single pass entry trajectories are considered.

eSix gEar_ iS the maximum loading to be experienced by the

vehicle and crew.

eThe pullout altitude for the equilibrium glide phase of flight

will be at least four kilometers.

eThe vehicle will be capable of flying at least 200 kilometers

in crossrange.
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•The vehicle will have at least a 5 kilometer crossrange

capability in hover.

eThe internal volume of the vehicle must satisfy permanent

habitat as well as cargo requirements.

eThe T/WMars of the deceleration configuration is assumed to

be four.

eDesign constraints due to atmospheric heating must be

considered.

The first design studied was a lifting body (Figure 2.1.1) that was

basically a two-stage version of the bent biconic studied by GOTC It was

realized that the bent biconic did not offer a significant volume and

mass-carrying capability for cargo as well as habitation. Additionally, a

two stage version of the vehicle would be difficult to enter and exit due to

the excessive height of the manned section of the vehicle when it is on the

ground. Although the bent biconic had very good aerodynamic

characteristics, the control of the vehicle during the actual landing portion

of the flight as well as the stability of the vehicle on the Martian surface

were questionable.

The second configuration studied was a lifting ballistic body similar

to the Apollo descent vehicle (Figure 2.1.2). Like the bent biconic, the

Apollo-type vehicle did not offer significant mass and volume carrying

capabilities. Itwould, however, provide for simpler access to the surface as

well as greater stability on landing.

The third vehicle studied was a variation of the lifting ballistic body

of the Apollo. It was essentially a flattened-out Apollo and resembles a

flying saucer (Figure 2.1.3). The flying saucer shape, while having

aerodynamic coefficients no better than the Apollo, would have a much

I
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Figure  2.1 3 F l a t t e n e d  Apol lo ,  F l y i n g  Saucer Ascent  
Descent  V e h i c l e  
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18rger planform area per unit mass, thus providing greater total lift and

drag during the descent portionof the flight.Additionally,while the descent

stage would be an extremely high-dra_ vehicle, the ascent stage would be

streamlined. This shape would also offer significant volume for cargo

carrying as well as habitationin its descent stage. Finally,the flying

saucer would provide easy access to the surface as well as be very stable

while on the Martian surface,even in the occasionallyfierce Martian wind

storms. For these reasons, the flying saucer shape was chosen as the

prototype vehicle for thisstudy.

Previous scenarios for a manned mission to Mars have included a

separate cargo-descent vehicle (CDV) in addition to i_e ascentldesclmt

vehicle (ADV) for transferringequipment to _I_esurface of Mars. The ADV

was assumed to have a singlestage ben_ _i.co_ic_onf,i_it_ration.The CDV

was going to be used to _a_ do_ _be-'_na_1_led 1_Tnanent habitat as

well as the rover ve1_icle__n_Ial.lnecessar_Isc_,_ific _luipment. Due to

possible construction difficultieswith I._ a__ of the permanent

habitat as well as the possibilityfor a s_,iificant_a_r_ in mass, TSS

chose to investigatethe use of a two-stage _DV whi_ will not require a

separate CDV. The descent sI_ _rrillI_e ca_wI_Iietelyreus_1)Iefor ot,_er

purposes and will _becom_ _he perma_n_ or semi-_an_t habilat.

Additionally,separate descent stages could be li_ed to_ther in a modular

fashion, thus exter_Img the usefulnes_ of t_. _lesigr_ ,!_is felt that this

design will provide significantci_stsavi_js as well as simplify the overall

mission scenario for a first-_imevisitto Mars.

I



LANDING GEAR

Although extensive research was not done on the landing system of

the ADV, certain system requirements were defined. It was determined that

six pads spaced 60 degrees apart would be arranged around the bottom of

the descent portion of the ADV. The pads must be capable of fulfillingthe

following cMteMa:

I. Support the vehicle during soft landing (gross weight: 200,000 kg)

2. Have the capacity for extension (height of the bottom of the ship

above the ground at least 3 m.)

3. Have the capacity to lower and support the vehicle to a height of I

m (kneeling capability)

4. Redundancy: a total of six separate pads for redundancy and

stability. Any three non-adjacent pads should be capable of

supporting the ship.

5. Power system used (hydraulic, mechanical, or electrical) must

remain effective after long-term exposure to space enviornment.
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2.2 MASS AND VOLUME SIZING

The mass of the vehicle was essentially sized by the atmospheric

entry. The figure realized was 200 metric tons. Mass and volume estimates

of the main components of the descent portion of the ascent/descent vehicle

(ADV) were made based on the assumptions of a five-man crew and a 60 day

stay time. Values used for lifesupport and support equipment masses and

volumes were based on shuttle orbiter data. Total vehicle weight upon

atmospheric entry was determined to be 165,444.4 kg. The detailed mass

and volume estimates for the entire ship are listed in Tables 2.2.1 and 2.2.2.

These are also illustrated graphically in Figures 2.2.I and 2.2.2.

TK! Solver programs were used to size the fuel and propellant tanks

used for the deorbit burn and for hover above the planet's surface. The

deorbit burn was defined to be the burn required to transfer the vehicle

from the parking orbit to 100 km above the planet's surface, where it was

assumed that the Martian atmosphere begins. Hover took place about four

meters above the planet's surface and lasted for three minutes. Program

listings and results of the sizing are shown in are shown in Appendix A.

While the mass was sized by the atmospheric study, the volume was

sized by system requirements. A TK! program was developed to determine

the volume of a vehicle given radius and height information. The vehicle is

essentially a right circular cone on a spherical base. The volume

requirements for the entire ship was 1556.7 m 3, and the ship was sized at

2000 m 3 to allow for a safety margin. The descent portion of the vehicle

has a radius of 18 m and a height of 7.7 m. See Figure 2.2.3

In Table 2.2.1 are mass and volume estimates for the ascent and

descent stages of the ADV. These are also illustrated graphically in Figures

Ic



Table 2.2.I Ascent a_,dDescent Mass and Volumes- Breakdown

Assumptions :
5 man crew

60 daqstay
180 seo hover ttn_

Component

Lifo andSupport
food

AirRevitaliza_on

Vater R_ov_y

stonR, (leak_,)

Furntshir_s

Stora_ Lookers
Ltvin_Space

Personal Items
Tools

Crew
EVA suits

Subtotoal

5uppcet Equipment
Communications

NlvkJattons

Data Acquisition

Scd>totoal

ROVER:

351
462.66

! ,113._,
725.74

75

3
0

40

I0
419

225

3,424.9_

55

45

270

9O

225

685

Lunar 226.8

Enclosed 11,000
SHIP

Structure 3(),000

Iruel Tank (dry) I

Oxidizer Tank (dr 9) _p¢O0

E_es andPumps 6,200

Fuel Celb 1,553.55

Subtoioal 42,255.55
PAYLOAD

Scientific Payload 9,000
ISPP Equ_>mqmt• I 0,000

Subtotoal 19,000
FUELandOx

Fuel 21,410.5

OxkJizer 67,443.6

Subtotoal 88,8_4.1

Grand Total 165,444.4

T_rge! 200,000

Volun_(m3)

42

1.6

5.09
0.5

4

1

612
5

0.01

0
7

89.6

0.15

0.1
0.85

028
1.2'5

2.63

4.25

9O

436.8
1.6

4.4

6.5

4.3
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Table 2.2.2 Ascent and Descent Mass and Volumes- Overview

Surnm_9 DescentVehicle.. AscentV_iele

l'_ss(kg) Volume(n_) Mass(kg)
Life andSupport 3,424.96 89.6 1,069.42
Computers& Equipment 685 2.63 455
PaNIo_J 30,226.8 894.25 500
Structure 42,253.55. 453.6 9,280
Total Fuel& Ox 88,854.1 116.64 37_246.1
Unused 34,555.59 44326 444.48

total wet mass 165,444.4 1,556.T4 48,550.52
Unused 34,555.59 443.26 444.48
total vet mass 200,000 2,000 48,993

VokJme(n_)
28.66

2.1
2

15
48.9
3.34

96.66
3.34
I00

I"



Llfe and Support 

I Computers& 
Equl Omen t 
Payload (ISPP, lab & 

d (tanks & 
hull) 

0 Fuel &Ox 

Unused 

. 

Figure 2.2. I Descent Vehicle Mass Rtftios 

Fiqure 2 2 2 Descetit Vehicle Volume Ratios 



I
I

I
I
I
I
I
I

I
I
I

I
i
i
I

I
i
I



/5 /5 A ^_I 15 /'_ C"
_._.4 a_lu_._.J. The total mass of the ascent portion of the vehicle was

estmated at 48,995 kg. The ascent portion was sized for a five-man crew

and a 14 day contingency mission. Essentially a cylinder, it is 6 m in

diameter and 7 m in height (including 2.75 m for the engine nozzle), with a

volume of 100 m 3. Note that it is nearly as wide as tall,and thus stability

problems are anticipated. A more stable configuration is illustrated in

Figure 2.2.6a.

PROPELLANT REQUIREMENTS

The propellant needs of the vehicle were determined by four factors:

deorbit burn, powered deceleration, hover and ascent. It was determined

that strap-on tanks would be used for the deorbit section of the flight

(Figure 2.2.6b). The maximum mass of the deorbit fuel is 45,000 kg. This

allows us to obtain a mass ratio of 1.225 for the deorbit burn.

The powered deceleration portion of the flight requires 9000 kg of

propellant. Assuming a hover time of three minutes, 42,600 kg of propellant

is required. The ascent portion of the flight requires 37,200 kg. Thus the

total onboard propellant required at atmospheric entry is 88,800 kg.

I.J
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Figure 2.2.4 Ascent Vehlcle Hass Ratlos 

Figure 2.2.5 Ascent Vehicle Volume Ratios 
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Figure 2.2.6a Improved Stability Ascent Module 

Figure 2.2.6b Deorblt Scenario, Strap-on Throw-Away Tanks 
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2.3. DEORBIT SCENARIO

Although deorbit delta-v is of importance, the design parameters for

the entry vehicle require that it arrive at the planet's atmosphere with

tanks full. With this consideration, TSS recommends that provision be made

for an external throw-away tank be used for the deorbit burn. Alternatively,

a small strap-on solid or liquidmotor could be used for this purpose.

TSS pursued the study of the descent s.cenario in two phases

conducted independently. Phase one involved developing a program to be

used to calculate initial conditions for atmospheric entry, deorbit delta-v,

transfer orbit parameters, etc. The phase two study was concerned with the

atmospheric descent. A FORTRAN program has been developed to simulate

this descent.

2.3.1 DEORBIT DELTA-V

The simplest transfer from an elliptical parking orbit to the Martian

surface is a Hohman transfer with the deorbit burn at the apoapsis of the

parking orbit. The target point for this type of transfer is 180 ° from the

burn point, or directly below the periapsis.of the parking orbit. This case

requires the minimum deorbit delta-v but gives the maximum entry velocity.

Another possibility with the Hohman transfer is to make the deorbit burn at

periapsis. In this case, the target point is directly below the apopsis of the

parking orbit.

In order to obtain a compromise between delta-v requirements and

entry velocity, transfer trajectories initiated at intermediate points in the

parking orbit were studied. This was done using a Lambert targeting

program (DODV) with TK! Solver. An advantage of choosing an intermediate

I



point on the parking orbit for the deorbit burn is it increases the range of

possible target locations. Given a specific entry flight path angle, transfer

orbits initialized at apoapsis or periapsis require mid-course corrections

for specific landing sites. Deorbit burns at other points along the transfer

orbit allow more flexibilityin landing site selection.

The program has been modified to include the additional delta-v

requirements of a plane change. The final deorbit burn was sized for a plane

change of I0°, since most of the planet is accessible in the present parking

orbit (inclined at an angle of 63°). Additional modifications allow for

circulaMzation at any point in the orbit, and account for delta-v due to

planet rotation. The rotation of Mars grants the deorbit scenario an

additional 250 m/s or so, depending on latitiude and inclination.

The program developed is a TK! Solver model using Lambert Targeting.

The user is able to specify any combination of parameters for calculation.

For example, by specifying an entry velocity, the user can vary the true

anomaly at the initial burn and study the delta-v required. In addition, TK!

solver allows the user to generate tables and plots of the data, studying

results for deorbit from the entire parking orbit.

DODV (Deorbit Delta-V, see Appendix B) calculates the following

paramaters in the MKS system, any of which may be specified for analysis:

* Delta-v from parking orbit

* Transfer orbit parameters

* Flight path angle at burn

* Atmospheric entry velocity

* Flight path angle at atmos entry

* Mass ratio for deorbit burn
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* Circularization delta-v

with the following assumptions:

* Two body problem

* Spherical, rotating Mars

* p of Mars = 42828.28 km31s 2

* Radius of Mars = 3395.0 km

* Single burn to tranfer orbit

* Negligible burn time

* Atmosphere of Mars begins at 100 km over planet surface

2.3.2.RESULTS OF DODV STUDY

The DODV program is designed to provide entry velocity, height above

planet surface and flight path angle upon atmospheric entry. By varying

parameters of the transfer orbit and true anomaly of the parking orbit at

burn, the delta-v required can be minimized.

Specific, independent results of the DODV study:

I. Delta-v window: The delta-v required for a single burn is

minimized for fire at apoapsis, and is maximized for fire at periapsis. This

results in: 752.65 > delta-v > 78.25 mls.

2. The entry velocity is dependent only on two parameters,

specifically, semi-major axis and periapsis of the transfer orbit. Thus, by

specifying any two parameters, (entry velocity and periapsis), the delta-v

for deorbit from any point on the parking orbit can be studied to find the

most effective deorbit scenaMo. (see Table 2.3.I)

3. Entry velocity window: Since the entry velocity (Ve) is dependent

on only two parameters of the transfer orbit, a vacuum periapsis equivalent

2O



ou,u z.a., ,au,u ShoWs constant entry velocityfor constant transfer

orbitcharacteristics(at= 6500, vacuum periapsisheight = O) Note

minimum delta-v occurs at minimum delta gamma (flightpath angle)

change at deorbitburn.

f Ue Del tar

(cleg) (ml$) (m/.s) (deq)__

36O
352.5
345
337.5
33O
322.5
315
307.5
3OO
202.5
285
2?7.5
27O
252.5
255
247.5
24O
232.5
225
217.5
210

202.5

* 105
187.5

180

4233.11
42"-J_. 11
4_3_3.11
4233. !1
4233. !1
42:'.33.11
4233.11
42"33.11
4233.11
42"33.11
423:3.11
4233.11
4233. I1
42".//////'_3.11
4233.11
42"33. 11
4233 11
42"33 11
4233 11
4233 11
4233 11
4233 11
42"33 11
4233.11
4233.11

1129.40325 - 16.4_310g

986. 123961 -14.404_

869.04286 - 12.507064
?48.27463 - I1.074_

652.'_ -9.7764633

570.86._2 -8.68?9955
500.656974 -7.7"/01500
440.3"35582 "-6.9953"/52
388.297399 -6.3383138
343.191681 -5.7?79727
303.91_ -5.2973032
26g. 575461 -4.8825649
239.469156 -4.5226497
213.03477_ -4.2084382
18g. 83 I_'_ -3. g322031
169.514756 -3. 6870457
151. 822023 -3.4663692
136.56 1774 -3.2f_34636
123.613619 -3.0715155
112. 942009 -2. 8849884
104.655665 -2. 705036
99. 194494 -2.5_7325
08. 105 1653 -2.
109.631367 -3. 1001194

180. 593446 -6.0720743
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to the planet surface (periapsis altitude = O) was chosen for the initial

study based on results of the GOTC study for the flight path angle window.

This results in: 4270 > Ve > 3570 mls. (see Table 2.3.1) The rotation rate

of Mars further reduces the entry velocity, depending on inclination

(currently 64 deg.) and lattitude of initialentry.

4. The minimum delta-v occurs when the change in flight path angle

is minimized at burn (dgama = 0). Thus, after the tranfer orbit parameters

have been determined, the true anomaly for deorbit burn is also determined

by this parameter. (see Table 2.3.2)

5. As suspected, circularization near periapsis did not add

appreciably to the deorbit delta-v. This is illustrated in Figure 2.3.I.

6. Combining circularization with inclination changes, it is better to

take out some of the incination upon circularization. The amount taken out

depends on where the deorbit burn takes place in the parking orbit, and the

amount of inclination desired. (see Figures 2.3.I and 2.3.2)

7. A change in inclination is most efficient when done between 190

and 260 ° true anomaly in the orbit. (see Figure 2.3.2)

The final deorbit program and parameters are illustrated in Table

2.3.4. In summary, the deorbit delta-v allowed for was 988.7 mls. This

results in an entry velocity of 3300 m/s, a 10 ° plane change with mass

ratio of 1.304, or approximately 60 metric tons of fuel for the deorbit. This

figure is quite high, but may be significantly reduced by allowing for a

slightly greater atmospheric entry velocity. Future considerations of the

descent scenario should be concerned with burn time and three dimensional

lambert targeting (not feasable with TK! Solver).

2_
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Table 2.3.2 Table shows effect of changing tranfer orbit parameters

on entry velocity (f = peMapsis).

at Ue Del tav

(ki) (i/s) (m/s)

3800 3638.36 ?73.'/27619
:3937.5 3602.05 704.016563
40_ 3741.42 816.892316
4212.5 3"t86.99 839. 13019?
4350 3829.18 861.269885
4487.5 :3_::)8•37 883.068242
4625 3004.87 gO4.365157
4762.5 3938.96 925.059113
4900 3970.86 945.089809

5O37.5 400O.70 964.4258O8
5175 4O28.92 983.055772
5312.5 4055.42 1000.98223
5450 4080.42 1018.21713
_:_7.5 4104.05 10_4 .T't_9

412'6.41 1050.68g 14
58i52 .5 4147.62 1065.97312
6000 4167.75 1080.65651
6137.5 4196.80 1004.76569

6275 420"3.11 1108.32693

6412.5 4222.48 1121.36601
6550 4239.05 1133. 908
6687.5 42F---_._ 1145. 97703
6825 4270.01 1157.50625
6962.5 4284.5 1168. ?8??5
7100 4298.38 1179.57253
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AERODYNAMICS

AERODYNAMIC DESCENT ANALYSIS

The vehicle parameters addressed in this study are:

• vehicle mass fully loaded with fuel and payload, (Mo)

• ballistic coefficient, (MIS*C L)

• L/D

• pullout altitude

• propulsive deceleration delta V

• T/W_ for Hover

• hover time

The analysis for sizing the vehicle was broken into four major areas:

I) Entry corridor and entry velocity

2) Aerodynamic deceleration

3) Aerodynamic heating

4) Propulsive deceleration

5) Hover

A three degree of freedom trajectory simulation was developed to

analyze the aerodynamic and propulsive phases as well as the aeroheating of

the entry trajectory. A listing of the program (Reference 2.4.1)can be found

in Appendix C. A listing of the descent profile can be found in Appendix D.

All simulations were initializedat an altitude of 100 kin.

The relationship between L/D ratios and crossrange capability, as

well as the ballistic coefficient for the vehicle, were obtained using this

trajectory simulation. Itshould be noted that the flying saucer ADV vehicle

chosen for study by TSS will have a much higher ballistic coefficient and a
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much lower lift-to-dragratiothan the bent biconic ADV of previous reports;

thus, the flying saucer will be better able to effectively use drag as a

delta-V device while, at the same time, it will have a reduced crossrange

capability.

The aerodynamic entry trajectoryis illustratedin Figure 2.4.1.When

the ADV enters the atmosphere at an altitudeof 100 kin.the liftand drag

vectors will help to slow the vehicle. At the pulloutaltitudeof 70 km the

vehicle rotates its angle of attack to allow for a more shallow flightpath

angle. During this phase, the flightpath angle actually becomes slightly

positiveat an altitudeof approximately 45 kin.The ADV then undergoes the

equilibMum glide phase in which very littlealtitudeis lost as the vehicle

decelerates further. Inother words, the liftvector is continuallyrotated to

maintain a somewhat constant value for lift as the dynamic pressure

steadily decreases. This phase also serves to slow down the vehicle in a

region of constant density,thus reducing the g-loading considerably during

this phase.

The equilibrium glide phase comes to an end when the available lift

can no longer maintain the vehiclein level flight. Even though equilibrium

glide is no longer possible,the vehicle will continue to decelerate,and its

flightpath angle will graduallyturn downward as its velocitydecreases.

At an altitudeof I0 km and a flighttime of 20 minutes the protective

engine shield covering is slidintothe main body on a slidingtrack. At this

altitude the stagnation temperature is sufficientlylow (523 K) that the

engines will be safe. This altitudewill also allow sufficient time (50

seconds) for the shield to be moved. This system will allow for.the use of

the main engines for the deorbitburn.
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_L o,, o,Ls_uu_ of 2.69 km and a flight time of 20 minutes 53 seconds

the engines are ignited and the propulsive deceleration begins. The

remaining velocity of 207 m/s will now be removed. Notice that the flight

path angle begins to rapidly approach -90 ° .

After firing the engines for 33 seconds the vehicle is brought to zero

velocity at an altitude of 415 meters and the hover phase of the flight is

initiated. The hover will allow a crossrange of 5 km and will last for

approximately 4 minutes.

In addition to the actual descent profile (Appendix D), a detailed

summary of the descent can be found in Fig. 2.4.2. Note that the vehicle

undergoes a g-load maximum of 3.69 and a maximum stagnation temperature

of 1 143 K. The total flight time is 21 minutes 27 seconds, and the final

range is 3 202 km. The descent fuel mass is.9 804 kg and the hover fuel

mass is 48 647 kg for a TIW_, of I.I.

It was found that the aerodynamic descent for the flying saucer

vehicle was much more efficientthan that of the bent biconic vehicle

studied in previous semesters. This efficiency appears in the large

reduction of fuel mass as well as a reduction in the total mass of the

vehicle.The bent biconichad an initialwet mass of 360 000 kg (Reference

2.4.2) and a total fuel mass of 310 471 kg with a total payload mass of 7

000 kg. The descent fuel requiredby the flyingsaucer was only 9 804 kg.

and the totalwet mass of the flyingsaucer was 200 000 kg. The significant

fuel savings occurs from the much smaller mass required of the flying

saucer at hover initiation(190 197 kg versus 361 000 kg) as well as the

two-stage configurationof the flyingsaucer; i.e.the ascent fuel requiredby

Z_



Figure 2.4.2 DESCENT PROFILE

INITIAL MASS OF VEHICLE

INITIAL FLIGHT PATH ANGLE
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the flying saucer ascent vehicle was only 38 000 kg. since the ascent

vehicle's wet mass was only 48 000 kg (versus an ascent fuel mass of 154

985 kg and a wet vehicle mass of 205 000 kg for the bent biconic).

Another factor favoring the flying saucer is the simplified descent

profile. While both vehicles were analyzed using a similar method, the bent

biconic vehicle used a more complicated trajectory which includes the use

of rotofoils and a radical attitude change. The flying saucer, on the other

hand, maintains a fairly constant descent attitude and requires no special

aerobraking devices. Additionally, during the propulsion and hover phase of

the flight,the bent biconic would be flown as a very tall vehicle supported

by rear mounted engines. The flying saucer, however, would present a low,

flat configuration which would be much more stable and not as critically

dependent on a low center-of-gravity as the bent biconic.

It is felt by TSS that the two-stage flying saucer is a worthy

alternative to the one stage bent biconic on the basis of the results of the

aerodynamic entry and the fact that a separate cargo descent vehicle will

not be needed; therefore, the flying saucer should be the vehicle of choice

for the manned mars mission.

2.4.2 HEATING

The ascent/descent vehicle will be entering the martain atmosphere

at hypersonic speeds and will require heat shielding. This semesters heat

analysis was performed in three phases. First, a study of the possible types

of thermal protection systems was conducted. Second, an estimate of the

maximum temperature was calculated. Third, thermal protection for the A/D

3C



vehicle was decided.

2.4.2.I SYSTEMS

There were four types of thermal protection systems looked into by

the study. These were ceramic tiles, ablative shielding, titanium shields,

and advanced carbon-carbon. All are considered state of the art (Reference

2.4.2).

FIBROUS REFACTORY COMPOSITE INSULATION (FRCI)

This is an insulativelreradiative system. FRCI is a derivative of the

Shuttle ceramic tiles, but much lighter and stronger: it reduces weight by

approximately fifty per cent. FRCI is made of a blend of silica and aluminum

uu_u_at_ ,,u_. ,,,_ t_,_av_alowcoefficient of thermal expansion.

The following table lists some properties for FRCI tiles:

TABLE 2.4.I

Temp Limit Ther Conduct. Thickness

1260 C .017-.052 W/mK 1.3-8.9 cm

Density will vary. according to use. Normal tile density will be

5-91b/ft 3.Heavy tiles for use around hatches or doors will have a density of

12 Iblft3.

Advantages: Ceramic tiles are a proven technology. They are

lightweight, reuseable, and efficient.

Disadvantages: FRCI is not as damage resistant as metal, alloys or

carbon-carbon.
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ADVANCED CARBON-CARBON (ACC)

ACC is a reradiativehot structure.This TPS material is a derivative

of the reinforced carbon-carbon material used on the space shuttle.ACC

consists of a carbon matrix reinforced with graphite fibers,coated with

siliconcarbide and impregnated with silica.The following table listssome

propertiesof ACC.

TABLE 2.4.2

Density Temp. limit Thickness

12 Iblft3 1600 °C 4.8 cm

Advantages: Carbon-carbon is a proven technology and it is damage

resistant.

Disadvantages: ACC requires additional insulation and more

complicated fabrification.

TITANIUM TILES

Titanium tiles are a reradiative hot structure. They have a

temperature limit of 720 K. Tiles are attached mechanict_ly.

Advantages: Titanium tiles are damage resistant and have a

mechanical attachment to the spacecraft struture.

Disadvantages: These tiles are slightly heavier than ceramic tiles.

The tiles must provide

without distortion fo

ingestion.

for expansion and contraction without buckling,

the aerodynamic surface, and without plasma

3Z



TI-IROWAWAY ABLATOR

This system has been used numerious times in the past. Ablative

material can take very high temperatures by raring their thichness.

Advantages: Ablative materials have the highest temperature limit

and are proven.

Disadvantages: Ablative are 4 to 8 times as heavy as the tile system.

2.4.2.2 Temperature Estimate

In order to properly select a good TPS it is necessary that one

determines the max temperature generated by the craft opon re-entry. Two

methods were used to estimate what the max temperature would be.

The first method:

Itwas found that for design purposes the heat transfer rate could be

assumed to equal (Reference 2.4.3):

dqldt = 0.5 r V3 cos i

where

r = density in front of the shock

V = velocity of the vehicle

i = angle between the surface and stream velocity; the ratio

of a unit flow area to a corresponding surface area

i was assumed to be 90 degrees to insure maximum conditions. This

reduces equation to:
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dqldt = 0.5 r V3

Itwas found thatT max could be expressed as (Reference 2.4.4):

Tma x = ( q/sig e)2s

substitutingequation gives:

I Tma x = 0.5 V3/sig e)°2s

where:

I
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si(j=emissivity of the shield

e = stephan boltzmann constant,

This equation was incorporated into the aerodynamics program and

the stagnation temperature was found at each point.Using this method a

maximum temperature 1140 K was generated.

Normal Shock Method:

The second method calculated the stagnation point temperature

generated across a normal shock and estimated what the temperature at the

vehicle. The equations goveringthe properties across a bow shock are given

by:

Continuity:

rIVl= r2V2

Momentum:

34



PI ÷ rtV12 = P2 + r2V22

Energy:

H I + O.5Vt 2 =I'I2 ÷ 0.5V22

Perfect Gas:

P1 P2

rIT I r2T2

A program was obtained from Dr. John Bertin which substituted for

the perfect gas equation a subroutine called Molliere. Molliere solved the

real gas case for air. Using air in place of carbon dioxide should not

produce significant error. The program guessed a solution for two variables

and iterated within a certain tolerance to obtain solutions for the

stagnation point temperature across the shock. This program was run for

several points of descent and the results are printed in Table 2.4.3.
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TABLE 2.4.3

Aft (Kin) Velocity(mlsec) Tamp(K)

1O0 3500 2716

94.7 3493 2710

87.7 3484 2702

80.3 3413 2691

76.0 3465 2667

71.3 3453 2692

63.3 3422 2772

58.4 3384 2820

49.5 3210 2812

46.I 2988 2731

30.0 1514 1236

It can be seen from Table 2.4.3 that the maximum stagnation point

temperature is 2820 K. To estimate the tempertature that would be

generated on the craft Dr. Bertin was consulted.He estimated that for the

given conditionsthe surface temperature would be 1000 K.

2.4.2.3 SELECTION OF THERMAL PROTECTION SYSTEM

FRCI tiles were chosen for protecting the bottom half of the AID

vehicle.The tiles 1400 K tempertature limit provides adequate protection

for I_e 1000 k temperatures expected upon entry.The tilesweight savings

over the other candidates was a key to its selection.FRCI tiles are also

proven state of the art technology.There will need to be a circularshield on

the bottom of the vehicle.This shield to protect the engines during entry

will be slidout of the way when propulsion begins.

3_
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,to_s,u,,, _,,_ were selected as the surface material for the upper

half of the A/D vehicle. During entry the temperature on the upper half of

the vehicle is insignificant, but the titanium must be able to withstand the

temperatures generated by the exhaust duMng takeoff. Assuming isentropic

conditions the maximum exit temperature will reach 1430 K. The exhaust

will only be on the upper surface for a few seconds during takeoff so the

surface should not reach a temperature higher than titaniums 720 K limit.

An added advantage of titanium is that ot offers some protection from

Martian storms and in space flight the titanium tiles could face out and help

to protect the more vulnerable FRCI tiles underneath. In addition, the

titanium improves the structure of the vehicle, due to the strength of the

titanium.

2.4.3. HOVER PROGRAM

The TK! Solver program HOVER was used to determine fuel and

oxidizer needs for the ADV duMng hover. Given an initialvehicle weight and

desired hover time, the program calculates the required mass of the fuel and

oxidizer, the required volume of the fuel and oxidizer, and total propellant

mass and volume. The mass of the tanks were determined using a structural

factor of 0.15. Values for initialwet mass of the vs. burn time are shown in

figure 2.4. Note the sharp increase in wet mass as the burn time approaches

500 seconds.

2.4.4 RECOMMENDAT IONS

Overall the work done on heating this semester we feel was good. The

estimates of the heating seem resonable for a preliminary study. The
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2.5 ASCENT / PROPULSION ANALYSIS

In proceeding with the ascent analysis, it was found that the

propulsion system could not be considered independently if an optimum

ascent or propulsion sizing was to be performed. To perform the analysis,a

TK! Solver model was created which contained the equations governing

ascent, and those for engine performance. In the sections which follow, the

analysis is descMbed in more detail.

2.5.I ASCENT ANALYSIS

The primary goal of the ascent analysis has been to optimize the mass

ratio of initialto final ascent vehicle weight to the minimum required to

get the vehicle from the Martian surface to a desired parking orbit. The

first step in analysis was to model the ascent. The ascent model chosen is

depicted in Figure 2.5.1. The ascent is divided into four flight segments.

The first is a powered gravity turn to a low ellipticaltransfer orbit. The

second segment is an unpowered elliptical coast trajectory to an

intermediate circularorbit.The third is a circularorbit with radius equal to

the radius of perigee of the parking orbit,and the fourth is the parking orbit.

Inmodelling each flightsegment, worst case assumptions were made to add

a safety factor to the calculations. A description of the modelling of each

segment follows.

A diagram of the first segment is found in Figure 2.5.2. In modeling

this segment, several worst case assumptions were made. First, a "flat",

non-rotating Mars model was chosen. Although this is not a true

representation of ascent, it offers advantages over a rotating, spheMcal

Mars model in addition to its simplification of the analysis. The advantage

I



selecton of our thermal protection system should provide for protecting the

ship. There was littlework done on radiation shielding and a study of this

is recommended. There does not seem to be a need for a more in depth study

of heating due to the design of this course.
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is that in a rotating planet model, the ascent vehicle,if launched eastward,

gains a velocity component from the planet's rotation, while in the flat

model, this component is not added. This is desirable in that it builds an

additional velocity capabilityinto the vehicle over that actually required. A

second simplification was that the atmospheric drag in the Martian

atmosphere was negligible. A justificationfor this assumption is that the

atmosphere of Mars has a very low density and pressure. Drag depends on

both of these factors. In addition,the vehicle will be traveling at a lower

velocity in the denser lower atmosphere as it ascends, also resulting in

lower drag. Therefore the drag term will be much lower than the other

forces acting on the vehicle. The equations governing this segment of flight

are found in References 2.5.I and 2.5.2.

During the first portion of this project period, a FORTRAN code

utilizinga Runge-Kutta fourth order integrator was written to integrate the

equations of motion governing the gravity turn. To make this firstanalysis

independent of mass, dimensionless masses were used. This involved using

a mass of one mass unit at the end of the gravity turn, and determining a

mass ratio for the flight. Two approaches were used in this first analysis.

First, a single time of flight was considered, and integrations were

conducted for mass ratios from two to ten in increments of 0.I mass units.

In the second approach, a single mass ratio was selected and integrated for

a number of times of flight. The problem a two point boundary value

problem with the final conditions being the velocity and altitude for orbit

insertion with a flight path angle of zero and the initialconditions being

some low altitude with a small velocity and a flight path angle of between

80 and 90 degrees. Good resultswere difficultto obtain,due to problems in

I



_at_slmllyu,_ uuulJua_y conditions initially. However, mass ratios on the

order of three to four were encountered. A printout of the two programs

used and output is found in Appendix E.

Due to the difficulty in matching boundary conditions, a different

method was selected to analyze the ascent. This involved using the ideal

delta-v equations and gravity losses as described in Reference 2.5.2. The

governing equations are as follows:

Delta-v = IspIn(MolMf)

TW ratio = Thrust/W o

r_= Thrust/ Isp

These equations were incorporated into the overall ascent/propulsion

sizing model developed, which is described later in section 2.5.3,along with

other equations defining the time of flight. It should be pointed out here,

that from this program, a mass ratio of 3.7 was obtained for this portion of

the flight,which is the same range found in the FORTRAN analysis.

In segments two, three, and four, analysis was simple in that it

involved only conic section orbits and their governing equations (Reference

2.5.3).For first analysis, a TK! Solver model was created to determine the

effect of changing the periapsis of the coast orbit on the delta-v required

for parking orbit insertion and the mass ratio. The model varied the altitude

of perigee and determined the delta-v required to place the vehicle in the

500 km circular orbit using the ideal delta-v formula. A print out of the

model is found in Appendix E. A print out of the results is found in Table

2.5.1. As can be seen, the range in values of delta-v is large and decreases

with increasing coast orbit perigee. However, the magnitudes of the mass
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ratio are on the same order of magnitude, with small changes. It was

decided from this fact, and an assumption that most atmospheric effects

could be ignored past an altitude of 150 kilometers, that the choice for

perigee of the coast orbit should be 150 kilometers.

2.5.2 PROPULSION SYSTEM ANALYSIS

2.5.2.1PROPELLANT SELECTION

The first step in the propulsion system analysis was choosing a fuel

oxidizer combination for the ascent/descent vehicle.The following cMteria

were set in determining the fuel chosen:

I) Crew safety

2) Ease of storage

3) Specific impulse

4) InsituPropellant Production Possibilities

5) Engine components

The fuels considered were found in a Pratt and Whitney Vestpocket

Handbook, and the a can be found in Tables 2.5.2 and 2.5.3. Based on these

criteria,the choices were narrowed to the following two combinations,

hydrogen/liquid oxygen and methane/liquid oxygen. In comparing these two

choices, methane was chosen as the fuel for the following reasons based on

information found in Reference 2.5.4.

I)Methane has a greater density than hydrogen, allowing

for smaller, lighter storage tanks, and thus a lighter

vehicle structurally with more space for other cargo is

possible.

2) Less pump horsepower is required for a given thrust. Also,
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4 I_ApA ;A
L,,_,c ,7 8 smaller pressure loss incured due to the fact that

the denser fuel increases the thrust per unit throat area.

3) Methane can be produced easily on the Martian surface from

Carbon Dioxide in the Martian atmosphere.

In determining engine performance parameters, a combusion chamber

pressure of 3000 psia was decided on based on the fact that the current

state of the art in propulsion systems, the Space Shuttle Main Engines, uses

this combustion chamber pressure. From data on next generation advanced

engines to be used in the Orbital Transfer Vehicle (Reference 2.5.4),the

chamber pressures that have been proposed have been on the order of 1,500

to 2,000 psia (Table 2.5.4).

Adwsuced OTV propulsion I_tem coaceptI

I Paremeter Aq_ro_It Iqocke_l_e Pr_t & WhitneyThruIt. Ibf 3,000 1S,000 15,(X)0

Cycle Expander H2.O 2 Expander H 2 Expander H 2
ChanlOef pressure, psia 2,000 2,000 1,500

NOZZle area ratio 1,200:1 1,300:1 6,40:1

I Specific impulse. Ibf-se_lbm 482 492 486Turbomachinery speeds, rpm

200.000 178,000 150,000
75,000 56,200 67,390

Control Closed loop Closed loop Closed loop

I Throttlability 30:1 30:1 30:1Range 2 steps 3 steps 3 steps

Mode (15:1 continuous) Discrele Discrete

Key tKh_og_l C_II41OUI OxygOn N t_l_l _ _ Clith=al _ H_h _ hyOrogen _ _lars

Annular thrust _ Multivarilble cloled Ioo() controls Advanced thruit chaml)or mate_rial

I Multiple engine control H_h m ratio no_le High area ratio nozzleI

The performance of the engine is given by the specific impulse of the

I engine obtained from the following equation from Reference 2.5.5:

I 2.5.2.2ENGINE SIZING

I

I

The first step in engine sizing was to determine the combustion

chamber size. Based on in Reference 2.5.7,the following equations were

I



used to size the combustion chamber:

V c = L* A t

Lc = Vc/A c

where

V c = the combustion chamber volume

Lc = Combustion chamber length

At = Throat area

L* = the chamber characteristic length

Ac = chamber area

From present engines, the value for L* is about 43 inches or 1.0922

meters. For A c, a typicalvalue of the contraction ratio,Ac/A t is 1.75.

To size the engine nozzle and

obtain a near-optimum bell shaped

contour, it was decided to use the

parabolic approximation suggested by

G.V.R. Rao in Reference 2.5.8 and

depicted in Figure 2.5.3. As seen in

the figure, in the converging section

of the nozzle,

I " I

_ - ...._i_.__=_
t

tw

Fig.2.5.3-Pm_u¢ =p_u_ _' _u
aozzle cm_r.

upstream of the throat, is an arc of a circle with radius of

curvature 1.5 R t. Imediately past the throat; another circular arc is used,

with a radius of 0.382 Rt. Just past this,the parabolic section begins. The

required data for this sizing is as follows:

I) Nozzle throat radius
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3)

4)

_^ta= Jeslytnof the nozzle from throat to exit plane

The expansion ratioof the nozzle

The initialwall angle of the parabola

To obtain the nozzle throat radius and expansion ratio of the nozzle,

the assumption was made that there was an isentropic expansion through

the engine nozzle'.From this assumption, the following equations govern the

flow (Reference 2.5.6):

M e =I/_=--i._L _'e"l"r-I_ _

: l_rl( I+

r:l = _t _, l/ j' z_._ r",_'t.-,

where

M e = exit roach number

Pc = Combustion chamber pressure

Pe = exit pressure

= Specific heat ratio

= Mass flow rate of propellant

A e = Nozzle exit area

A t = Throat area of nozzle

From these equations, the throat area, exit area, and exit Mach

number are calculated from the known propellant flow rate,-chamber and

exit pressures, and exhaust gas specific heat.

Next, to obtain the axial length of the nozzle, a 15 degree half angle

conical nozzle was used as a reference. By taking what is known as a

5O
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I
fractionalnozzle length,the bell nozzle length can be calculated.

degree nozzle:

where

Ln = the nozzle length

Rt = the throat radius

For the 15

I

I

I

I

Ae/At= the expansion ratio I
R = the radius of curvature of the converging section of the

nozzle I
O_ = half angle of the conical nozzle I

I

From G.V.R.Rao's approximation, the value for R is approximated as

1.5Rt, as mentioned above. I
To obtain the initialwall angle _ , I

I
of the parabolic section, Reference / _ _ --

2.5.8has a chart of curves forvaMous- _ _ = "- I
III

nozzle expansion ratios and fractional ,_
I

lengths. This figure is shown in '_, I

Figure 254 H°wever" f°r the needed iz_z'_° _ _ ---- "--_ :'_ Iexpansion ratios for a Mars ascent, no ¢ I --_. _-
"_%

I

. = = _ = •
£XPAHSIQN AREA RATIO •

data was shown, and no equation was

given definingthe curves, so research

was conducted to find some means to

Fig.2.5.4.'-e- ==4 e, = t==_oa ot expasion
a-ea ratio _.

determine the initial

maximum wall angle.

parabolic angle of the section, which is also the

Reference 2.5.6 contained a section on the method of
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u,la,autu,,_,u_. AS a result,a value was given for the maximum angle of a

minimum length nozzle. This value was given to be one half of the

Prandtl-Meyer function,which is given by the equation:

By comparing several values of one half of the Prandtl-Meyer function

and the corresponding expansion ratios with Figure 2.5.4,the fractional

length which most closely corresponded to these points was a L_ of 60%,

giving a nozzle length of .6Ln.

With an equation for the initialparabola angle and the throat radius,

point N on Figure 2.5.3 could be located. With respect to the throat and

nozzle axis,the location is:

Nt = distance out from axis = 0.382 Rt sin n

Na = axialdistance from throat = Rt + 0.382 Ri (I - cos n)

Next, with this point known, the initialangle known, and the point at

the exit plane known, the equation for the parabola can be determined.

Assuming the parabolic equation to be of the form:

x = a(r + b)2 + c

dx/dr = 2 a (r + b) = tan i_n

where "

x = length along the axis of the nozzle

•r = radius outward of nozzle

a, b, and c are constants to be determined from the three

boundary conditions

5?-
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Boundary conditions

atr=N t, x=N a therefore Nt=a(N a+b) z+c

at r = re, x = .6 Ln,therefore re=a(Ln + b)z + c

at r= Ni,_n =_12

These equ_Itionscan be solved for a, b, and c, and then the exit angle

of the nozzle calculated as:

_e = atan(2 a (r + b))

As with the equations for ascent, these equations were added to the

ascent/propulsion model.

2.5.3ASCENT/PROPULSION SIZING PROGRAM

Based on the equations for ascent-and propulsion mentioned

throughout this section, an overall sizing model was created with TK!

Solver. A printout of the finalmodel used is found in Appendix D. From this

model, the mass, weight, maximum g-loading at burn out, ascent propellant

volume, and nozzle sizing are determined. To obtain output, a final mass

after parking orbit insertion was determined from data in Reference 2.5.7.

The value was 6162 Kilograms. Based on this value and the other inputs,the

ascent vehicle was sized. The results of this sizing are found inTable 2.5.5.

At this point, it should be pointed out the difficultiesin obtaining a good

mass for the vehicle. One constraint the that affected the results was that

the maximum g-loading must not exceed 6. Itwas found that by increasing

the thrust to weight ratio,the g-loading went up, but the initialmass went

down. The exit pressure had a similar affect on the model, in that as the
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'In =, 2.7557 m

rc =0.107m

I I
I I

I I

i

I
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re = 0.9798 m

56.582

"_10.28 £

Area ratio 146.34 Chamber pressure 3000 psia

Throat area 0.0206 sq m Chamber temperature 4080 K

Exit area 3.0157 sq m Mass flow rate 242.08 kg/sec

Exit pressure 1.5 psla Propellants CH4, 02

Isp 353 seconds O/F Ratio (weight) 3.15

Thrust 838037. N

188399. lb

O/F Ratio (volume) 1.168

equation for parabola x = 2.74 ( r + 0.02548 )2 . 0.015093

FIGURE 2.5.5 Main Engine
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_^_^"_tpressure was ',uT,_........_u,_the g-loading went up. In addition,as the exit

pressure was lowered, the nozzle exit length went up as well as the exit

area, producing a nozzle which was too large to be practical. As seen from

the output, the vehicle mass on the ground before ascent was about 49,000

kilograms, with approximately 37,000 kilograms of propellant.

From the output, a diagram of the engine was made. This is depicted

in Figure 2.5.5.

REFERENCES SECTION 2.5

2.5.1 Ashley, Holt, EngineeMng Analysis of Flight Vehicles,

Addison-Wesley Publishing Company, Reading,

Massachusetts, 1974, pages 265-299.

2.5.2

2.5.3

2.5.4

2.5.5

2.5.6

2.5.7

Stagnaro, Michael J., An Approach to Preliminary Launcl.

Vehicle Sizing. NASA-Johnson Space Center, Advanced

Programs Office,December, 1985.

Bate, Roger R., Mueller, Donald D., and White, Jerry E.,

Fundamentals of Astrodynamics, Dover Publications,Inc.,

New York, 197 I.

Gorland, Sol, "IntegrationBecomes the Name of the OTV Game",

Aerospace America, Vol. 22, No. 8, August, 1984,

pages 70-73.

Sutton, George P.,Rocket Propulsion Elements, John Wiley and

Sons, Inc.,New York, 1963.

Anderson, John D., Modern Compressible Flow with Historical

perspective, McGraw-Hill Book Company, New York, 1982.

GOTC Corporation, PreliminaDry_Des_LgnReview 2, The University

of Texas, Fall,1985.

I



2.5.8 Huzel,Dieter K.,and Huang, David H.,De__e.s_nof Liquid Propellant

Rocket Enin_ National Aeronautics and Space

Administration, Washington, D.C.,197 I.

I

i

I

i

I

I

i

I

I

I

i

I

I

I

I

I

I

I

I



I

I

I 2.6 IN-SITU PRODUCTION
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A voyage to Mars can not be accomPlished without the use of immense

stores of energy and material. For a manned crew to make this trip,the

necessity for safety and reliability,as well as redundancy in life support

systems, is obvious. Given these necessities, a mission scenario to Mars

becomes a massive endeavor.

I

I

1

One way to reduce the immense payload is to make use of the

indigenous materials of the planet. Such items as oxygen, water, and fuels

can be produced from known Martian resources. This process, known as

"in-situ'production, is the only logical way of conducting a cost-effective

trip to Mars.
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I errosion by running water- channels, flood

2.6.1 WATER PRODUCTION

2.6.I.I WATER AVAILABILITY

Water is the most important resource for a manned mission to Mars.

Water in the form of solids,liquids, or solid hydrates potentially can be

found in quantity on Mars and its moons.

Mars' distance from the Sun and its thin carbon dioxide atmosphere

create a frigid environment ranging from 15° Celsius at midday in the

middle latitudes to -125 ° Celsius at high latitudes in the winter. Under

these conditions water is unstable anywhere on the surface, and during the

winter it will rapidly freeze;at lower latitudes even water-ice is unstable

and will slowly evaporate intothe Martian atmosphere.

These conditions pose many questions when viewed from the

standpoint of Martian topography. There is ample evidence of substantial

patterns, and networks of

5_
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dried-up tributariesand riverbeds are just the beginning. So where has all

the water on Mars gone?

One explanation is that the water is trapped in the polar ice caps, but

since the ice caps are composed mainly of frozen carbon dioxide,this theory

can not account for the large amounts of water necessary to create the

features we see.

Recent interpretations of Martian geography suggest that large

quantities of water may exist in natural reservoirs, frozen underground.

High-resolution Viking photographs have proven very important in these

recent findings. After viewing thousands of Viking photos, astrogeologist

Mike Carr and geophysicist Steven Squyres of NASA's Ames Research Center

have been able to identify and document a phenomenon called "terrain

softening'. In the higher latitudes of both the northern and southern

hemispheres, above 30 ° north and below 30 ° south, the topography appears

muted and softened; crater rims in these regions are often rounded and

clusters of craters are blurred. Carr and Squyres believe that "this is a

direct result of ice in the ground - that the mateMals creep." In the

equatorial regions the warmer temperatures have caused the water to

sublimate or become diffused in the soil..But, in the higher latitudes the

water has become locked in permafrost layers beneath the surface. In the

areas where 'terrainsoftening' has been discovered, the ice-laden ground is

believed to extend for "hundreds of meters if not kilometers downward."

A small group of meteorites, called the Shergottite, Nakhlite, and

Chassignite (SNC), believed to be impact debris that escaped from the

Martian surface, offer more evidence for water on Mars. If these

meteorites are of Martian origin, their chemical compositions reveal a

L
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history of water indicative of vast flooding and deep reservoirs of

subsurface ice.

With all this evidence for the existence of water, our ability to

utilize indigenous Martian water no longer becomes a problem of

availability,but one of procurement.

2.6.1.2 WATER EXTRACTION

The Martian atmosphere is thin,but it is often saturated with water,

and there are numerous ways of extracting it from the environment.

Water can be extracted directlyfrom the atmosphere by compressing

the atmospheric gases and condensing the water out. Since the proportion

of water to carbon dioxide in the Martian atmosphere is roughly .0002, a

tonne of carbon dioxide will yield about 0.2 kilograms of water. Solar-

powered dehumidification of the atmosphere could produce over one

kilogram of water for every I00,000 cubic meters of atmosphere injested.

If ice exists on the surface, water can be obtained directly through

melting. This technique will work best near the polar regions on Mars where

ice is thought to exist in abundance beneath the carbon dioxide ice caps. In

the higher latitudes, water is assumed to be trapped as subsurface

permafrost. This permafrost could be collected using robotic scoops and

heated at the excavation site to evaporate the water. The steam would then

be piped back to the base camp,

production.

Hydrated minerals,

sources of water on Mars.

condensed and stored, or used in fuel

believed to be common on Mars, offer other

These minerals could be heated to temperatures



exceeding 120°C to dehydrate them and extract their water. The dehydrated

minerals could then be used for shielding or construction of the Martian

base camp.

The moons of Mars offer further sources of water in the form of

hydrated minerals. The contents of the Martian moons are believed to be

carbonaceous chondrite. The most common types of carbonaceous chondrites

have water in the following amounts: Type I,20.8%; Type II, 13.35%; Type

Ill,1.0%. There is evidence that the moons of Mars are of the Type Ivariety,

which offers the most water of any of the carbonaceous chondrites.

Two systems for collecting and processing water-saturated top soil

have been proposed. The systems consist of robotic scooper vehicles with

on-board processing facilities. The soil collection procedure would be

essentially the same for both configurations. First,the upper layers of the

sand-like Martian topsoil are collected by the scoop and deposited in the

collection bin. Any large rocks are sorted out and the remaining soil is

crushed using a cone crusher and the processed soil is heated to evaporate

the water. The collected water is stored until the vehicle arrives back at

camp, at which time it is processed by the in-situ production facilities.

A conventional scoop, similar to those used by bulldozers, will not

work well on Mars, because the low Martian gravity and the light weight of

the vehicle (a must, given weight considerations) do not produce enough

frictional force to withstand the force exerted by the hydraulics of the

scoop. Instead, a 'clamshell'scoop which is hinged in the middle will be

used to collect the soil. This scoop will exert less force on the vehicle,

making the likelihoodof tippingor sinking an unbalanced vehicle much less.
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The first design, Figures 2.6.1, proposes a vehicle which moves

forward on tracked wheels, and collects soil using a back and forth pattern

similar to that used by farmers when harvesting; it tows a water tank

which is detachable, so that the vehicle can tow other payloads. Problems

arise for this configuration during the scoop phase, when the vehicle is

resting on the just-excavated soil. During this phase, an unbalanced vehicle

can topple due to weight loading,shifting soil, or large rocks under the

wheels. For this reason, the wheels are set wide to counteract this tipover

tendency. The water tank can be replaced with an onboard tank, Figure 2.6.2.

This gives the vehicle the versatilityof towing other payloads or an extra

water tank for an extended mission.

The 'crab'configuration, Figure 2.6.3 was proposed to alleviate the

problems inherent in the first design. This vehicle can move sideways or

diagonally on tracked wheels, following a zigzag pattern as it collect soil.

The weight of the scoop on the front side is counterbalanced by the weight

of the water tank on the back side of the vehicle. This configuration is also

wider to counteract tipover tendencies caused by large rocks under the.

wheels or inbalances in the scoop load,which when coupled together caused

a problem for the firstdesign.Itis

performing its soil selection task,

capabilities.

unable to tow an extra water tank while

which will limit its mission duration

2.6.2 PROPELLANT PRODUCTION

In-situ propellant production (ISPP) is of obvious importance to the

Manned Mars Mission.The fuel and oxidizer produced could be used to provide

propellant for the descent craft, as well as electrical, thermal, and

I
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chemical energies. Thermal energy rejected during the ISPP cycle could be

recycled to heat a habitat or for some other worthwhile purpose. Inaddition

to its use on the ascent/descent vehicle,the fuel and oxidizer produced by

the ISPP process could also be used to power robotic surveyors, manned

rovers and other surface vehicle,as well as fuel cells.

Many fuel/oxidizer combinations are possible for a Martian

ascent/descent vehicle, but because the atmosphere is made up largely of

carbon dioxide,nitrogen, and argon, Table 2.6.1,fuel/oxidizer combinations

are limited. The most feasible fuels are hydrocarbons, while oxygen

appears to be the most abundant and easily attainable oxidizer. The

necessary elements in these compunds are carbon, hydrogen, and oxygen.

Hydrogen and oxygen are attainable by splitting water, and carbon and

oxygen can be produced by splittingcarbon dioxide. The carbon and hydrogen

can then be combined to form any number Of hydrocarbon fuels, with the

oxygen as the oxydizer.

2.6.2.I THERMOCHEMICAL HYDROGEN FORMATION

At the present time electrolysisis the only technically feasible way

of obtaining hydrogen and oxygen from water, without using energy rich

substances such as methane or coal. Typical electrolysis efficiencies are

about 65%, and present-day electrical generation technology can achieve

efficiencies of close to 50%. This means the entire process of converting

heat to hydrogen through electrolysis can be carried out with about 30%

efficiency, with future technologies increasing this number to 40% at the

most.

I



TABLE 2.6.i. COMPOSiTiONOF LOWERATMOSPHERE

Carbon Dioxide 95.32

Nitrogen 2.70

Argon 1.60

Oxygen O.13

CarbonMonoxide 0.07

Water Vapor 0.03

Neon 2.50 ppm

Krypton 0.30 ppm

Xenon 0.08 ppm
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Ozone 0.03 ppm ..
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Using thermochemical generation,better efficienciescan be achieved.

The concept of thermochemical hydrogen generation involves the formation

of chemical potential energy directly from heat energy, without the

intermediate production of electricity.An easy way of doing this is to heat

water sufficientlyto dissociate it into hydrogen and oxygen.

H20 -> H2 + 02

However, this would require temperatures exceeding 3000°K, and on

Mars, heat sources at this temperature are not easily accessible, which

makes this method costly in terms of energy and therefore undesirable.

The desired thermochemical process consists of multi-step reactions

producing hydrogen and oxygen at separate stages and regenerating all

reagents except the dissociated water. A generalized representation of the

process is given below:

2AB + 2H20 -> 2AH + 2BOH

2BOH -> 2B + H20 + _02

2AN -> 2A + H 2

2A + 2B -> 2AB

(1)

(2)

(3)

(4)

This water splitting process has at least four distinguishable steps,

but a real cycle will frequently require more, with the reagents A and B

representing simple or complex mixtures of substances. The thermochemical

!



reaction would use heat at 1000°-I IO0°K, which could be delivered by a

high temperature gas-cooled nuclear reactor.

The thermochemical process has many advantages over the

electMcitylelectrolysis system, the main one being its increased efficiency

due to its higher acceptance heat. The thermochemical plant is also more

cost effective than the electricity/electrolysissystem. Electrolysis tends

to be a modular operation which shows littleeconomic improvement as the
o

installationsgrow, but a thermochemical plant can be expected to show

considerable improvement as operations expand. This leaves

thermochemical hydrogen formation as the necessary choice for the Manned

Mars Mission.

An extensive feasibility study needs to be done on the use of

thermochemical fuel formation reactions. This includes:the best mixtures

of reagents which can be used in the thermochemical process, and chemical

analysis as well as testing of the final chemical configuration used in the

reaction; the design of a special reactor to provide the high temperatures

needed for the process.

2.6.2.2 OXIDIZER ANALYSIS

The oxidizers considered for analysis were: ozone, hydrogen peroxide,

and oxygen. The positive and negative qualities of each will be discussed

more fullyin the following paragraphs.

Ozone

This oxidizer gives an excellent specific thrust of 493 seconds when

combined with hydrogen, by far the best of any fuel/oxidizer combination

considered; see Table 2.6.2. Ozone is present in the Martian atmosphere and
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TABLE 2.6.2. SPECIFIC IMPULSE(SECONDS).*

FUEL OXIDIZER !Sp__(VACUUM_ !Sp__(SEALEVEL_

H 2 03 493 423

H 2 02 454 388

C2H 2 " 384 330

N2H 4 " 367 313

CH 4 " 365 310

C2H 4 " 365 312

C2N2H 8 " 364 310

C2H 6 " 362 307

C3H 8 " 359 305

CO " 209

N2H 4 H202 338 288

* THESE VALUES ARE FOR A SHIFTING EQUILIBRIUM REACTION

AND A COMBUSTION PRESSURE OF 1000 PSIA.
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TADi r #it "/ Di'lll IhlP Alllrl I-hI-F_lllll _ rli-iil_l'rP
I li_ULr- /-.U._). UUILIII_ I_tI_U rl%r.r_L.iI113 rUIl_ll 3

FUEL/OXIDIZER BOIL ING(°F). FREEZING(°F)_

CH 4 METHANE

C2H 2 ACETYLENE

C21-14 ETHYLENE

C2H 6 ETHANE

C3H 8 PROPANE

C2N2H 8 UDMH

H 2 HYDROGEN

H202 " PEROXIDE

NH 3 AMMONIA

N2H 4 HYDRAZINE

02 OXYGEN

03 OZONE

SPEC.GRAV.

-258.7 -296.5 .822

-119.2 -115.2 .612

-154.7 -272.5 .566

-127.5 -277.6 .546

-43.7 -305.8 .585

146.0 -71.0 .786

-423.0 -434.4 .071

302.4 31.2 1.443

-28.0 -107.9 .604

236.3 347 1.004

-297.4 -361.1 1.143

-169.6 -315.0 1.460
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could be produced on the surface.Ithas a relatively low boilingpoint,Table

2.6.3, and would need a refrigerationunit if it were to be stored on the

surface, but since its boiling point is close to the average Martian

temperature, its bleed-off rate would be minimal. Another drawback is that

it is difficultto work with. NASA does not use ozone as an oxidizer,so the

technology for utilizingitis not very advanced.

H_ydr_rp_genPeroxide

This oxidizer is non-toxic ifhandled correctly and because of its high

boiling point,it can be stored for long periods of time with no substantial

bleed-off. Hydrogen peroxide is hypergolic with hydrazine, producing a

specific thrust of about 338 seconds on the surface of Mars. Storage tanks

and lines must be clean when hydrogen peroxide is used, or it will

decompose rapidly and may result in an explosion.

o__eg_

Of all the oxidizers considered oxygen appears to be the best choice.

Itis non-toxic as well as non-corrosive, and can be combined with a number

of hydrocarbon fuels to produce specific impulses ranging from 359 to 454

seconds on the Martian surface. It has a very low boiling point and would

require an extensive refMgeration unit for storage, and insulation of its

tanks and lines. Even with these precautions oxygen could not be stored for

long periods of time and a large bleed-off rate should be expected. NASA

has dealt with oxygen on many prior occasions, so the necessary technology

need only be adapted to be used in the Manned Mars Mission.

I



2.6.2.3 Fuel Analysis

The fuels considered were mainly hydrocarbons because of the

availabilityof their base elements in abundance on Mars. In addition,since

nitrogen can be found in quantity, a couple of nitrogen based fuels will also

be considered.

H_y 

Like oxygen, hydrogen is non-toxic, non-corrosive, but has a boiling

point close to absolute zero. Therefore, it also requires a very bulky

refrigerationunit and insulated lines,and bleed-off rates over time will be

substantial. In addition, before hydrogen can be introduced into its tanks

and lines, they must be flushed with helium. When used with oxygen or

ozone it produces excellent specific impulses, but because of its low

molecular weight and low density, Table 2.6.4, it requires large tank

volumes.

Carbon Monoxide

Carbon Monoxide is toxic and requires bulky tanks and extensive

insulation. Combined with oxygen it has a relativelypoor specific impulse

when compared to the hydrocarbon fuels, but because of the abundance of

carbon dioxide in the Martian atmosphere, it can be produced in large

quantities.

Methane

Methane is the leading fuel candidate for the Manned Mars Mission. It

is non-toxic, and can be stored in all common metals and insulations

(asbestos, neoprene, epoxies etc). It is easily producible on Mars if enough

water can be collected,but would require refrigerationbecause of its low
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TABLE 2.6.4. MOLECULAR WEIGHTS(KGIKG-MOLE)

CH 4 16.042

C2H 2 26.020

C2H 4 28.052

C2H 6 30.068

CO 28.010

CO 2 44.010

H 2 2.016

H20 18.016

H202 34.016

02 32.000

03 48.000



boiling point. When combined with oxygen, it produces a good specific

impulse, and does not require excessive tank volumes.

Acetyle___e,neEt_E__ylene.Ethane Propane

These hydrocarbons are similar to methane in most respects, but in

general have lower specific impulses. In all cases they are easier to store

due to theirhigher boilingpoints,but stillwould require refrigeration. Due

to their more complex chemical structures, they will be more difficultto

produce on Mars, and would require larger amounts of hydrogen and carbon to

produce.

H_ydrazine

Hydrazine is hypergolic with hydrogen peroxide and gives good

performance, but it is toxic, and decomposes when in contact with metal

oxides. It also reacts chemically with carbon dioxide, which is very

undesireable on Mars.

Unsymmet rical-Dime thyl__Hy.drazine

UDMH is stable because of its high boiling point and can be stored for

long periods of time with no noticeable bleed-off. It is hypergolic with

hydrogen peroxide, but like hydrazine it is toxic and will react with carbon

dioxide•

2.6.2.4 Propellant Formations

Taking into account the pros and cons of the fuel/oxidizer

combinations so far Considered, the following paragraphs will attempt to

offer production techniques utilizing the known strengths of some of the

more promi sing .combinations.
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Carbon Monoxi delOxy e_

The first system to be discussed produces oxygen and carbon

monoxide from carbon dioxide. Carbon dioxide is drawn into the system and

heated to the temperature at which the oxygen and carbon dioxide

dissociate. The oxygen is separated from the carbon monoxide, cooled to

cryogenic temperatures, and stored as a liquid.The carbon monoxide is also

stored for later use.

CO 2 -> CO+'_O 2

Because of the low atmospheric pressures on Mars, a vacuum system

to draw in the carbon dioxide will be difficult to operate; therefore,

sublimation of the carbon dioxide into frost using a cryogenic fluid is

recommended. The solid carbon dioxide can then be collected and processed.

I-lydrogen/Oxye_

The second system requires the presence of substantial amounts of

water on Mars, and produces hydrogen and oxygen. First, the water is split

into hydrogen and oxygen using thermochemical techniques, then the gases

are cooled and stored in liquidform.

H20 -> 2H 2 +'HO 2



.o

Methane/Oxy eg_

The third system requires the availabilityof water and carbon dioxide

on Mars. Using a system devised byAsh, Dowler, and Varsi (Ash, et al.

1978), both methane and oxygen could be produced. The first step is to

gather the water and carbon dioxide from the local environment. The water

would then be separated into oxygen and hydrogen, with the oxygen being

cooled and stored. The hydrogen could then be combined with carbon dioxide

using a nickel catalyst to produce methane and water, with the excess

water being channefed back into the system for reprocessing.

CO 2 + 2H20 -> CH 4 + 202

Based on specific impulse, volume, and energy requirements, the

methane/oxygen system has been chosen for the TSS Manned Mars Mission.

2.6.3 MATERIALS PRODUCTION

Mars, like the Earth is rich in natural resources. The Martian

atmosphere alone can provide a plethora of valuable elements in addition to

ample supplies of water and carbon dioxide. The Martian soil can also

provide valuable minerals necessary for an extended stay on the surface;

iron and many other elements are quite abundant.
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3.0 MOONRECONNAISSANCEGROUP

3.1 AN INTRODUCTIONTO PHOBOSAND DEIMOS

The moons of Mars, Phobos and Deimos, are a very interesting and

mysterious pair. They were discovered by Asaph Hall in 1877 at the U.S.

Naval Observatory. Using a 26-inch refracting telescope, he sighted the two

moons as Mars was making its closest approach to Earth since 1845.

However, scientists had been predicting the existence of Phobos and Deimos

hundreds of years before Asaph Hall's siting. Johannes Kepler and Bernard

Fontenelle both believed that Mars had moons. In 1726, Johnathan Swift even

predicted the moons' existence in his book Gulliver'sTravels. Swift wrote of

the scientists of Lupta discovering the two Martian moons and calculating

their orbit radii and periods. Many, including Voltaire, agreed with Swift's

prediction and pursued it vigorously. Based upon complex and intensive

mathematical studies, astronomers drew the conclusion that the

aberrations of Mars might be produced by one or more small satellites

orbiting the pianet (Reference I).

After Hall's discovery, little else was learned about Phobos and

Deimos. Because of their small size,closeness to Mars and peculiar motions,

many theories about the Martian moons were proposed. I.S.Shklovsky, a

Russian physicist,put forth probably the most bizarre theory on Phobos and

Deimos. He believed the moons of Mars were actually artificialsatellitesof

a mysterious, long-vanished race of super beings. He further believed that

Phobos Was hollow inside and possibly contained artifacts from the doomed

civilizationof Mars (Reference 2).

As ludicrous as these theories sound, some scientists were defending

them untilthe Mariner missions. Thanks to Mariner missions 6,7 and 9, and

the two Viking missions, we now know conclusively that the moons, Phobos
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and Deimos, are natural bodies.

There are still many unexplained mysteries about

Deimos.Their origin, formation, and ages are all unknown.

Phobos and

They may be

captured asteroids, and if they are, were they captured separately or are

they remnants of a .singlelarger captured asteroid? They may have formed

in place, and if they did, did they form as long as four billionyears ago or

did they form more recently? Were they once one body? What are their ages?

When did they join Mars? How did they join Mars? What information do they

shed on the origirland history of the planets and satellites of the Solar

System? These are all questions that could be answered by a mission to the

moons of Mars (Reference 3). This is why we believe a manned

reconnaissance of Phobos and Deimos should be considered as a desirable,if

not primary, operation of any manned mission to Mars.
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3.2 SCIENTIFIC DATA ON PHOBOS AND DEIMOS

Phobos and Deimos are small, very dark, heavily cratered,

asteroid-like moons. Photographs of the two moons appear in figure 3.2.1.

Phobos is the larger of the two moons and has the innermost orbit.Itsmean

orbit radius of approximately 9378 km has a period of 7 hours 39 minutes.

This means that Phobos' revolution about Mars is faster than the rotation of

Mars itself- a rare if not unique phenomenon in our Solar System. Phobos,

already inside the 'tRocheLimit" where internal gravity alone is too weak to

hold it together, could conceivably become a ring plane about Mars within

the next 50 million years (Reference 2). Deimos is about half as big as

Phobos and is the outermost satellite of Mars. Its mean orbit radius is

approximately 23,459 km and the period of Deimos is 30 hours 17 minutes.

Since Deimos is close to a synchronous altitude above Mars, it remains

within line-of-sight of surface points on Mars for up to forty hours at a

stretch (Reference 3). Both orbits have very low eccentricities and

inclinations and can be characterized as circular and equatorial for

first-cut analyses.Table 3.2.I summarizes the above information.

Both satellites are irregular in shape, but can be approximated as

triaxialellipsoids.Phobos is about 13.5 x 10.7 x 9.6 km across, and Deimos

is about 7.5 x 6.0 x5.5 km across. The approximated shapes and

cross-sections of the two moons appear in figure 3.2.2.Both satelliteshave

spin periods synchronous with their orbitalperiods, and are moving in such

a way that the longest axis of each always points towards Mars (Reference

6).As mentioned earlier,Phobos and Deimos are very dark satelliteswith
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figure 3.2.1 The Martien Moons (Reference I )  . 



Orbital Elements

Semi-major axis

Eccent ricity

Inclination (deg)

Sidereal period

Physical Parameters

Longest axis

Intermediate axis

Shortest axis

Rotation

Density

Mass

Albedo

Surface gravity

Phobos

9378 km

2.76 R M ars

0.015

1.02

7h39m13.85 s

13.5 km

I0.7 km

9.6 km

synchronous

-3
2.0 gcm

9.8 x 1018 g.

0.05

-2
1 cm sec

Deimos

23459 km

6.90 RMars

0.00052

I. 82

30h17m54.87 s

7.5 km

6.0 km

5.5 km

s_mc hrono us

-3
1.9 gcm

2.0 × 1018 g

0.06

-2
0.5 cm sec

Table :3.2.1 Characteristics of Phobos and Detmos

(Reference 4)
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very low reflective properties.Their albedos are 0.05 and 0.06 respectively,

about the darkest among satellitesin our Solar System. The low masses and

low densities,along with their reflectiveproperties, suggests that Phobos

and Deimos are of carbonaceous chondrite composition. The surface gravity

on both moons is almost negligible. The above information is also

summarized in table 3.2.I.

Photometric, polarimetric and radiometric data all indicate that the

surfaces of both satellitesare covered with a fine-grained regolith derived,

most probably, from the comminution of the surfaces by impacts (Reference

7).The intricate texture and microstructure of the regoliths seems to be

lunar-like.Phobos' regolith cohesion (~104 dyne/cm 2) is apparently lower

than that of Phobos as a whole (,,106 dynelcm 2) indicating that a

substantial regolith covers a more solid interior (Reference 8). Deimos

seems to have similar characteristics.In comparison, the material on the

surfaces of Phobos and Deimos is most likely far less dense and cohesive

than that of the earth's moon. Unfortunately, it is impossible to determine

the depth of a regolithby photometric techniques (Reference 9).However, by

observing crater walls and crater fill,an approximate regolith can be

estimated. Several craters on Phobos reveal a layering in their walls.

Measurements of these layers suggests a possible regolith layer 200 m

deep. Many craters on Deimos are filled with 10-20 m of sediment,

providing an estimate of the minimum average depth of regolith on this

satellite (Reference 10). Several scientists believe the depth could be as

deep as I00 m. So, despite theirlow surface gravities,Phobos and Deimos

seem to have accumulated significantlayers of regolith.

The compositions of the moons is unknown. However, as previously

_5



stated, the low masses, low densities and low albedos suggests a

composition similar to type I carbonaceous chondrites. A composition of

this type would agree with the captured asteroid theory of the moons' origin

because it is widely believed that carbonaceous chondrites had to form in

the outer half of the Solar System. Table 3.2.2 illustrates the average

composition of type I carbonaceous chondrites. Examples of carbonaceous

chondrite meteorites appear in table 3.2.3. Since both the densities of

Phobos and Deimos are smaller than the three meteorite examples, it may be

that the moons have an even higher percentage of water and clays in them.

These tables show that Phobos and Deimos are ideal candidates as sources

of raw materials for conversion into water, air and even hydrocarbon fuels

(Reference 13). Also, the high amounts of clays provides a ready source of

building materials.

While there are many similarities in the two moons of Mars, each

moon has its own unique surface features, making Phobos and Deimos

strikingly different in appearance.

The most interesting feature on Phobos is the large number of

grooves, long linear depressions formed in the regolith, on the surface.

Typically, grooves are 100-200 m wide, 10-20 m deep, and have smooth

concave-up cross profiles (Reference 14). A maPof Phobos appears in figure

3.2.3. The large crater centered at 50 ° W and 0° N is Stickney crater. It is

the largest crater on Phobos and is approximately 10 km across. The grooves

are largest and most numerous near the large crater Stickney, and are

absent from the area opposite Stickney (Reference 16). The grooves are

believed to have formed at the same time or at a time quickly after the

formation of Stickney. According to this theory, the impact that caused

Stickney fractured Phobos along already existing weak zones. The impact
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Oxides

• SiO2

TiO 2

Al203

Cr203

FeO

MnO

MgO

CaO

Na20

K20

Ni

S

wt_.__%

44.3

0.18

4.24

0.42

9.25

0.14

38.2

2.89

0.60

0.05

0.32

0.42

Table 3.2.2 Average Composition of a Type I

Carbonaceous Chondrite (Reference II)
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CARBONACEOus CHONDRITES

Type e

Ct

C2

C3

Example

Orgueil

Murchison

Allende

F
(g/cm 3)

2.2

2.7

3.4

Weight %

H20t Organics Clayse° Magnetite

2O

t3

1

3.6

2.5

0.5

60-80

50-70

<t0

10-15

5

<5

After" MASON (t97:5) Handbookof Elemental Abundance
in Meteorites

• Wood- van Schmus
t Mostly in clay minerals

I

I
I
I

I
I

I
I
I

I
I

o, "hydrated silicates" II

Teble 3.2.3 CerboneceousChondrtteHeteordtes (Reference 12)
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heated the general area to a level where vaporization of the volatiles in

Phobos occurred. The volatiles escaped through the fractures, expelling

regolith in the process. As the cohesive strength of the regolith decreased,

due to the vaporization of the bonding materials, the regolith slumped

toward the central fracture. Volatile outgassing and regolith slumping

continued untilPhobos cooled down, and the grooves took their final form.

This process is illustrated in Figure 3.2.4. The suggested carbonaceous

chondrite composition of Phobos would explain why Phobos might tend to

fracture during a severe impact, since low density carbonaceous material is

known to be mechanically very weak. Such a composition also explains the

possible release of volatiles along some of the fractures leading to the

formation of pits and possible raised rims (Reference 18).

There are several other interesting surface features on Phobos. The

ejecta blocks associated with the crater Stickney might be consolidated

ejecta or boulders thrown out on the formation of the crater.These blocks

could be samples of the interior of Phobos or fragments of the meteorite

that created Stickney. The area east of Stickney, commonly referred to as

the Stickney ejecta, may be blocks mantled with finer debris, all emplaced

ballistically,or it may be some form of base-surge deposit (Reference 19).

The area opposite of Stickney is interesting simply because this is where

the grooves disappear.The ridges in the Southern hemisphere of Phobos may

be outcrops of material different from the regolith.Finally,there are the

smooth areas on Phobos which are of unkown origin.

Deimos is just as interesting as Phobos, if not more puzzling. In

contrast to Phobos' grooved surface, Deimos appears smooth. This smooth

appearance is a result of many of the impact craters on Deimos being filled

with sediment. This fill appears to be ejecta, a view supported by the
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ubiquitos presence on Deimos of numerous blocks and patches of higher

albedo material (Reference 20).The blocks are roughly half as high as they

are wide, and are greater in number than those found on Phobos. Whether

these blocks are fragments of meteorites or Deimos itself is unclear. The

bright albedo markings on Deimos are also unexplained. Though there is no

significant color difference between the bright areas and the rest of

Deimos, the normal albedo of the bright patches is 30% greater than

surrounding areas. There are also bright patches that are linear or tapered

streamline forms. These particular markings are associated with small

craters.The albedo features show no relief,and if they are deposits of some

material, they are undoubtedly very thin since many are formed adjacent to

craters less than 10 m across which must have rim heights of only

centimeters (Reference 21). This brings up another interesting point.There

is considerable evidence on Deimos of downslope movement, whereas Phobos

had littleor no evidence.This downslope movement is evident in the albedo

streamers, as they tend to be downslope from the ridges of craters.

Itis believed that there are no grooves on Deimos because there is no

crater large enough to indicate an impact severe enough to fracture the

small moon. However, there are theories that Deimos may consist of a

mechanically stronger material than Phobos.

Whatever Deimos' composition is, there are still some unanswered

questions as to its smooth surface. Deimos, with roughly half the surface

gravity and escape velocity of Phobos, has retained significantly more

debris and is blanketed much more, as evidenced by the large number of

blocks and large amounts of fill.The reason for this remains unclear.
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3.3 PRECURSORY MISSION TO PHOBOS AND DEIMOS

The results of the science study on the moons indicate that not

enough information is known about Phobos and Deimos to land a manned

vehicle on the moons with a reasonable degree of safety. Therefore, an

unmanned precursory mission to the moons of Mars is necessary to provide

vitalinformation needed for a successful manned mission.

This mission should include both an orbiter and a lander,with Viking

technology and systems providing the basis for these vehicles. Several

different scenarios could be used for a mission of this type. One of them

might include one lander and one orbiter,with the lander landing on Phobos

and the orbiter rendezvousing with Phobos first,then traveling on to Deimos

after its Phobos operations are completed. These vehicles could arrive at

the Martian system as one package,as Viking did.

There are several primary science objectives that this precursory

mission must meet. They are:

• provide complete, high resolution imagery of the moons

• refine current astronomical data

• determine the gravity fields

• determine regolith'scompactibility and bearing strength

• determine mineralogy, petrology,and elemental

composition of the regolith ..

• determine water content and availability

• determine radiationand micrometeorite exposure

• provide a basis for the selection of future landing sites

• provide a basis for the determination of the moons'

originand history

• provide a transponder fornavigational and tracking

purposes



Some of the possible experimental techniques that could be used are:

• visible and IR spectrometry (mineralogy)

• x-ray fluorescence (elemental composition)

• gamma-ray spectrometry (radioactive elements)

• television or CCD imagery

The information provided by this precursory mission could prove

invaluable for mission planners designing a manned mission to Phobos and

Deimos.
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3.4 TRAJECTORY SCENARIOS

The Trajectory Division has completed several studies to determine

the minimal energy trajectory.toreach the moons. Most of the trajectories

under consideration start from the parking orbit.The studies completed

compute delta-v as a function of inclination and of radius. Delta-v as a

function of inclinationwas determined for two orientations of the parking

orbit.In the first orientation,Figure 3.4.1,the line of apsides lies in the

plane of the moon's orbit,.ie.,periarian and apoarian are both in the orbital

plane. Althoughthis orientation is not realistic due to the geometry and

apsidal rotation rate. of the parking orbit, this analysis was done to

determine if substantial delta-v savings could be gained by changing the

orientation of the parking orbit.The second orientation assumes the line of

apsides perpendicular to the lineof nodes, Figure 3.4.2.

For both these orientations,a Hohmann transfer with a plane change

was utilized to optimize the trajectory. In the first orientation,the first

burn was made at the periarian of the parking orbit and the second burn at

the orbitalradius of the moon in question. Using a TK! Solver model, it was

determined that it was optimal to take out part of the plane change at the

first burn rather than take it all out at the second burn. For a minimal

delta-v of 2.88 kmls, 1.8 degrees of the 64.12 degree plane change should

be taken out at the firstburn to reach Phobos. To reach Deimos, 2.9 degrees

of the plane change should be taken out at the first burn to achieve a

minimal delta-v of 2.80 km/sec. Figures 3.4.3 and 3.4.4 show total delta-v

versus lower inclination for trajectories to Phobos and Deimos. The

equations and variables to solve the TK! Solver model appear as Figure 3.4.5.

For the second orientation,the firstburn is made at the semi-latus rectum
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of the parking orbit and the second burn at the radius of the moon in

question. For this orientation a TK! Solver model was also used to

determine how much of the plane change should be taken out at the first

burn. For a minimal delta-v of 1.742 km/sec, 2.4 degrees should be taken

out at the first burn to reach Deimos and 1.25 degrees should be taken out

for a minimal delta-v of 2.20 km/sec to reach Phobos. Figures 3.4.6 and

3.4.7show total delta-v versus lower inclination for trajectories to Phobos

and Deimos for this orientation.The equations and variables to solve this

TK! Solver model appear as Figure 3.4.8.

The next scenario considered was a four-burn transfer, see Figure

3.4.9.This scenario is an extension of the previous model, however, in this

case delta-v is considered as a function of transfer orbit radius. Here,

again, a Hohmann transfer with a plane change is used to optimize the

trajectory.The first burn is again made at the semi-latus rectum of the

parking orbit.At this burn, the optimum lower inclinationpreviously solved

for is taken out. The second burn is made at the transfer radius, which is

being optimized, and the rest of the plane change is taken out. After a

transfer orbit is established, the third burn can be made. At the third burn,

another Hohmann transfer is made to match moon orbit.At the fourth burn,

the Hohmann transfer is completed and the moon velocity is matched. The

results of this TK! Solver model appear as delta-v versus transfer orbit

radius in Figure 3.4.10. This figure indicates that the optimum transfer

radius is very nearly the orbitalradius of the moon in question.This would

imply that the four-burn transfer would collapse down to a two-burn

transfer.The equations and variables used to solve this model appear as

Figures 3.4.11and 3.4.12.
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vpl ° oqrt(mum(2/rl-I/ap))

vtp = sqrt(2*mu*(llrl-I/(rl+r2)))

dvl = sqrt(vtp^2+vpl^2-2*vtp*vp1*cos(dil))

vta = sqrt(2*mu*(I/r2-1/(r1+r2)))

vc2 = sqrt(mu/r2)

dv2 = sqrt(vta^2+vc2^2-2*vta*vc2*cos(dih))

dvt = dvl + dr2

dit = dil + dih

rl - ap*(l-e^2)

St Input

42828

9450

64.12

L

L 0

6724.2

.423

Name Output Unit

vcl km/s

mu km^31s^2

rt 5521.0456 km

vtp 3.1293783 km/s

r2 km

dvl .13254451 km/s

vta 1.8283006 km/s

vc2 2.1288644 km/s

dr2 2.0723842 km/s

dit deg

dvt 2.2211519 km/s

dil deg

dih 62.62 deg

vpl 3.0241063 km/s

ap km

e

Comment

Lower orbit Veloclty

Graviational Parameter

Lower Orbit Radius

Perigee Transfer velocity

Outer orbit radius

Delta v #I

Apogee transfer Velocity

Higher Orbit Velocity
Delta v #2

Inclination between orbits

Total Delta v

Lower Delta Inclination

Higher Delta Inclination

velocity of park.orb.@ peria

semi-major axis of park orb.

Figure 3.4.8 TKt Solver Model: Total Delta Veevs Lower Inclination

(Apsides Perpendicular)
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Figure 3.4.10 Total Delta Vee vs Transfer Orbit Radius
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I

I

I

I

rpark - ap*(l-e^2)l(t +e'cos(f))

-mul(2*ap) " vp^2/2 - mu/rp

h=rp*vp

-mu/(2*ap) = (vpark^2)/2 - mulrpark

h = rpark*vpark*co=(phi)vparkt = vpark*cos(phi)

vparkr = vpark*sin(phi)

I ato = (rpark + r)/2
vlto = sqrt(mu*(2/rpark - I/ato))

l

l

I

I

I

l

dvlt = vlto - vparkt

dvlto = sqrt(dvlt^2 + vparkr^2)

dvlpc = sqrt(2*vlto^2 -2*vlto^2*cos(dil))

dvt1^2 = dvlpc^2 + dvlto^2

v2c = sqrt(mu/r)

v2t = sqrt(mu*(2/r - I/ato))

dv2to = sqrt(v2c^2+v2t^2-2*v2c*v2t*cos(dih))

at = r+rmoo/2

v3c = v2c

v3t = sqrt(mu*(2/r - I/at))

dv3to = abs(v3t - v3c)

v4c = sqrt(mu/rmoo)

v4t = sqrt(mu*(21rmoo - 11at))

dv4to = abs(v4t - v4c)

TOTDV= dv4to+dv3to+dv2to+dvtl

i

I

!

I
Figure 3.4.II TK! Solver Model: Four-Burn Transfer

(Equations)
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I



O_ I Mpu_

42828

6?24.2

3897.5

L 5521.04

1.25

62.87

23500

L

.4229

9O

N_w Ou_pu_ U_I_

Iu km^31s^2

ap km

vp 3.95068?5 km/sec

rp
h

vpark

rpark

phi

vparkt

vparkr

ato

r

vlto

dvlt

dvlto

dvlr

dvlpc

dil

dvtl

v2c

v2t

dv2to

dih

at

riO0

v3c
v3t
dv3to

v4c

v4t

dv4to

TOTDV

e

f

kB

15397.804 km^2/sec

3,0238421 km/sec

5521.6144 km

22,74747 deg

2.7886417 km/sec

1.1692297 km/sec

I_510.807 km

km

3.5442064 km/sec

.75556467 km/sec

1.3921121 km/sec

km/sec

,07732106 kulsec

de9
1.3942577 km/sec

1.3499882 km/sec

.832?5494km/sec

1.2209199 km/sec

deg

35250 km

km

1,3499882 km/sec

1.5588321 km/sec

.2088439 km/sec

1.3499882 km/sec

1.5588321 kmlsec

.2088439 km/sec

4.7386142 km/sec

de9

OmuNt

GRflUITRTIONRLPRRRMETER

P.O. SEMI-MAJOR AXIS

VEL. AT P.O. PERIAPSIS

P.O. RADIUS OF PERIAPSIS
P.O. ANG. MOMENTUM

VEL. AT FIRST BURN

A(l-e^2)
FLIGHT PATH ANGLE
TAHGEHTIRLCOMP, OF UPARK
RADIAL COMP. OF UPARK
SEMI-MAJ, AXIS:TARNS, ORBIT

VARIABLE RADIUS
UEL, TO REACHMOONORBIT
DEL-UEE TO MATCHORBIT
TOTALDEL-UEE TO MATCHORBIT
DEL-UEE TO LOSE RRD. COMP.
DEL-VEE TO PLANE CHANGE
LOWERIHCLIHATIOH
TOT. DEL-V OF IHTER. ORBIT

CIRC. UEL. AT R
CIRC. VEL. OF TRANSFERORBIT

TOTALDEL-V TO CIRC. INTER.
REST OF INCLIHATION
SEMI-MAJ.AXIS:RFTER 3RD BURN

ORBIT RADIUS OF MOON

CIRC, UEL. AFTER 3RD BURN
VEL. AFTER3RD BURH
TOTALDEL-V TO LEAVE IHTER,
CIRC, VEL, AT MOONORBIT
TARNS, VEL. AT MOONORBIT
TOTAL DEL-V TO GAIH MOOHORB

TOTALDELTA-VEE

Figure3.4.12TK! SolverModel" Four-BurnTransfer
(Variables)



^I......._ ...._ ..... Fig 7 A 3._u uu.z_Ju__u wa_ a three-burn transfer to Phobos, see ._._.I

In this maneuver, the firstburn ismade at apoarian of the parking orbit.At

this burn, a circular orbit having a radius of the parking orbit apoarian is

established. However, only 90% of the circular velocity is attained at this

burn. This to allow a transfer orbit just inside Phobos orbit to be

established. At the second burn, all of the plane change is taken out. The

transfer orbit is now just insidethe orbit of Phobos and intersects the orbit

of Phobos at the point where the second burn was made. This walking orbit

makes it possible to properly phase a rendezvous with Phobos. Walking orbit

is maintained until the fourth burn is made. This burn is made at the

intersection of Phobos orbit and walking orbit to match the orbit of Phobos.

This maneuver required a delta-v of 2.6 kmlsec. The equations and variables

used in this model appear as Figure 3.4.14.

The last possibilty investigated was a transfer from the

interplanetary trajectory to Deimos; before parking orbit is established.

This maneuver was considered specifically for the unmanned probe to

Deimos. To effect this transfer, Lambert targeting was used, see Figure

3.4.15.This involved using the subroutine SLMBRT in the Mission Subroutine

Library,the programs and samples of the output appear as Figs.3.4.16-.18.

The initialand final position vectors relative to Mars are the required

inputs to the subroutine. The initialposition vector was found given the

right ascension and declination of the v-infinity vector relative to the

center of Mars. Given these two parameters, the v-infinity vector was

decomposed into rectangular components. To find a radius vector, the

velocity vector was multiplied by a unit of time. Nere, the unit of time was

days. The time was varied from one to seven days to determine what the

I
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I

I

pi = acos(-l,0)

m -mu/(2,a) = (vapA2)/2-(mu/rap)
vcap = sqrt(mu/rap)*.9

delvl = vcap-vap

vmoon • sqrt(mulrmoon)

delv2 = sqrt(vcap^2+vmoon^2-2*vcap*vmoon*cos(i))

1

I

I
defy3 - sqrt(mulrap)*.l

dvt - delvl+delv2+delv3

I
St Input Name Output Unit

I mu km^3/s^242828

6724.2 a km

i vap 1.6121836 km/s
9550.9 rap km

vcap 1.9058304 km/s

I dvcir km/s
vmoon 2,1288644 km/s

I 9450 rmoon km
delv km/s

64.12 i deg

m 8595.81 kmoar

23500 amoon km

i pi 3.1415927
delvl .29364683 km/s

i delv2 2.149968 km/sdelv3 .21175894 km/s

dvt 2.6553738 km/s

I

Comment

gravitational parameter

semi-major axis p.o.

vel. at apoapsis

radius at apoapsis

vel. to circ. @ apoapsis

delta-vee to circ.

vel. of the moon

radius of moon

delta-v of plane change

plane inclination

semi-maj, axis of new orbit

semi-maj, axis of moon orbit

I

m
Figure 3.4.14 TK) Solver Model" Three-Burn Transfer
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Figure 3.4.15 Lambert Targeting
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Figure :3.4.16Lambert Targeting of the Orbit of Deimos
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C

C

C
C

C
C
C

C
C
C
C

C

C
C

PROGR AM OOPS ( INPUT IOUTPUT,TAP[5= INPUT ,TAP[O:GUTPUT )
OIMENSIO_ RI(3)tRT(3)tVI(3)eVT(3)t[SETC(8)IP(7)tX(3)eXOOT(3) i
DIMENSION VCIR (3)tOY1(3) o0V2(3) eVINFI (3) 1

PI=ACOS (°loO)
DETERMINE RECTANGULAR• flARS-CENTFR[D POSITION V[CTOR OF BARGE I
V-INFINITY OF TH[ BARGE IN THE INTERPLANETARY T-RAJECTO_Y g
VIN=17793.0

CHANGE V-INFINITY FRO_ FEET PFR SEC TO KM/OAY I

IVINF=V INt3800°0-24o0"12o0"2o54/1(05
INITIALIZE TIM( PARAMETER FROM 1 TO 7 DAYS
DO 10 I=1t7 .m
CALCULATE POSITION VECTOR MAGNITUDE GIVEN V-INFINITY I

IAND TIME
RIPIAG=X *VINF
CALCULATE THE Z-COMPONENT OF THE POSITION VECTOR I
GIVEN THE DECLINATION OF THE V-INFINITY VECTOR I
AND ITS MAGNITUDE

RI (3)=SIN( o328))*RIMAG /
BY GEOMETRYw CALCULAT[ THE X- ANO Y-COHPON[NTS OF THE g
POSITION VECTOR GIV[N THE RIGHT ASCENSION OF

THE V-INFINITY VECTOR AND THE HAGNITUOE OF 1TS m
PROJECTION IN THE PLANE lRPROJ=SQRT (RIMAG**2-RI (3)**2)
RI (1)--SIN(°311)*RPROJ
RI (2)=COS( .311)*RPROJ ll
COMPENSATE THE Z-COHPON(NT FOR THE RADIUS OF MARS g
RI (3)=R I(3)*qO 00.0

DETERMINE COMPONENTS OF THE V-INFINITY VECTOR a
OF THE BARGE IN KN/SEC I
VINFI(1) = (R1(1)/(I*2q°O*3600.O))
VINFI(2) = (RI(2)/(I*2q°O*3600.O))

m

V1NFI(3) = ((RI(3)-qO00.O)/(I*24.0*3000.O)) !
WRITE(6 t15) I I

15 FORHAT(//tITHIS IS FORItI2_ •DAY(S) e)

MR ITF..(6 e20) RI i20 FORHAT(//• •RI(I)--e •E12.7t/t eR I (2):t •E12.7t/t IRI(3)=I _E12.7)

C
C

C

C
C
C

C

C
C

C
C
C

25

DET(Rf_INE THE MARS-CENTERED POSITION V[CTOR OF DEIHOS In
AT 30 DEGREE INCREMENTS AROUND ITS ORBIT I
DO 5 d=30•380t30
Y=J
THE ORBITAL RADIUS OF DEIHOS IS : I
R=23500.0 I
ASSUME THE Z-COMPONENT OF DEIHOS l MARS-CENT[RE[_ PG$ITIOP_
VECTOR IS ZERO BECAUSe- THe" ANGLE BETUE(N THE F_CLIPTIC AND I
THE EQUATORIAL IS APPROXIMATELY ONE DEGREE m
RT(3)=O.O

CONVERT FROM DEGREES TO RADIANS l1
XX =DET ORAD (Y) -' I
DECOHPOSE THE ORBITAL RADIUS INTO X- AND Y-COHPONENIS
OF THE POSITION VEC¥OR

RT (I)=RtCOS(XX) IRT(2)=RmSIN(XX)
MRITE(6•25) RT

FORMAT( lit •RT( 1 )=• tel2 °T,It toRT (2) =t tE12°Ttl, •R1 ( 3 )=l ,[12.7) i
COMPUTE THE COHPONENTS OF THE VELOCITY VECTOR OF C,EIPIOS II
AGAIN ASSURING THE Z-COMPONENT OF VELOCITY IS KEGLIGIBLE

USE THE CIRCULAR VELOCITY OF DEIMOS I
GRAVP = q2828°O 1
VCIRC=SQRT(GRAVP/R)
VCIR(3):Ool

m

Figure 3.4.!7 Lambert Code: Orbital Element Method I



i

I

I
I

!
l
I

I
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I
I
l
II
I

I
!
I
l

C
C

C
C
C
C

C

C
C

VCIR(1):
VCIR(2)=
INPUT INTO SLHBRT
LESS THAN PI)tAND
P(1)=I
P(2)=PI/3eO
P(7)=3.214E14

WCIItC_COS(XX)
VCIRCeSIN(XX)

TRANSFER TIHEt TRANSFER ANGLEr(GREATER
THE GRAVITATIONAL PARAHETER OF NARS

OR

GIVEN THE INITIAL POSITION VECTOR FROH HARS TO THE 6ARGE
IN THE INTERPLAN[TARY TRAJECTORY AND THE FINAL POSITION VECTE}
VECTOR FRON NARS TO OEIROS, SLNGRT RETURNS THE RESPECTIVE
INITIAL AND FINAL VELOCITY VECTE}RS
CALL SLRBRT(PoRIoRTtVI,VT,IERR)

CONVERT THE VELOCITY VALUES FRE}H KN/DAY TO Kff/SEC
VI(1)=VI(1)/(24oO*3600oO)
VI(2)=VI(2)/(24oO*3600oO)
VI(3)=VI(3)/(24°O*36E}O°O)
VT(1)=VT(1)/(24oO*3600oO)
VT(2)=VT(2)/(24oO*3600oO)
VT(3)=VT(3)/(24oO*3GO0°O)
MR IT[(6,35) VltVT

35 FORNAT (//, oV1 (1)=" tel2.7,/, ,VI (2)=o,[12 °7,/, oV ] ( 3)=o tE12oT
*/• •VT(I )=° rE22 -Tt/o oVT(2)=l,E 12°7o/, •VT (3)=•,E12°7)

COHPUTE THE DELTA-VEE AT D[PARTURE BETWE[N V-INFINITY
THE BARGE ANE} Vlo LAHBERT VELOCITY
DVI(1) = VINFI(1)-VI(1)
DVl(2) = VINFI(2)-V](2)
DVI(3) = VINFif3)-VI(3)
WRITE(G,*) DVl
DVTOT1 = SQRT(DVI(I)*o2 * DV1(2)*-2
COHPUTE THE DELTA-VEE AT ARRIVAL
AND VT• LAHBERT VELOCITY
DV2(1) = VCIR(1)-VT(I)
DV2(2) = VCIR(2)-VT(2)
DV2(3) = VCIR(3)-VT(3)
WRITE(6,*) DV2

DVTOT2 = SORT( DV2(1)*'2 * DY2(2)*'2
DVTOT = DVIOT1 * DVTOT2

DV1(3)*-2)
BETWEEN H(}E}N VELOCITY

÷ DV2(3)*-2)

1S •oF12.7, •KPl/SFC • )

Continued)

MRITE(&,B&) OVTOT
FORMAT(lit°THE TOTAL
CONTINUE
CONTINUE
STOP
END
FUNCTION D(TORAD(X)
PI=ACOS(-IoO)
OETORAD=(P|/IBOeO)tX
RETURN
END

OO
5

10

DELTA-VEE

(Fig.3.4.17
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C
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C

C

C

C

C

C

C

C

C

C

2[

r I_U glr_ _ll_ _rL i _ &/Iru i |_tu tru I | I Mrl--a--&AruI | I nr wo--vv I r U I I

DIMENSION R 1131 tRT 13) tV| (3) tVT(319ESETC(S) tPlT) t X(3) oXDOT(3)

DIMENSION VINFI(3)tDVI(3)tDV2(3)

PI=ACOS (-1,,0)

DFIIFRP. 1NE KLCTANGULARI MARS-CENTERED POSITION AND VELOCITY
VECIOR OF BARGE GIVEN V-INFINITY OF THE BARGE

VlN=17793,5
CONVERT V-INFINITY FRO_" FEf...T PER SEC TO KM/DAY

V 1NF= V 1N*.tO U O, _.)'24,0"12 • D*2,54/ lEO 5

TNITIALIZ I" "lIME PARAMETER FRO_ ONE TO SEVEN DAYS

DO 10 I=1_7
DETERMINE MAGNITUDE OF POSITION VECTOR_ RIMAG9

GIVEN V-INFINITY AKD Ar._ INTERVAL OF TI_4E IN DAYS

R IMAG=I*VINF

DETERMINE Z-COMPONENT GIVEN RIMAG AND THE DECLINATION

OF THE V-INFINITY VECTOR

RI( 3] :SIN(.328; )*RIRAG

DF.TERPII_E THE X- AND Y-COMPONENTS OF THE POSITION

VECTOR GIVE.N RIMAG AP.D THE RIGHT ASCENSION OF V-INFINITY

RPROJ=$QRI (RIRAG**2-RI (3)*,2)

R I (I) =_IN( ,311)*KPROJ

R1(2} =COS( .311} *RPROJ

R I (3) =F..I(5)+4UD O, G
COMPEN._ATE Z-COMPONENT FOR RADIUS OF RAMS

WIRITF(6_ !b) I

DFILR_INE COMPOr,'ENT_ OF THE V-INFIrmITY VECTOR

OF THE BARGE IF; KMISEC

VINFI(I) = (RI(1)I(I*2;.9*360_,C))

VINFI(L') = (Rl(2)/(l*Z&,l_*363';-r_))

VINFI(3) = ((RI(3)-4C9_._)/(I'24.3"3£_0.0))

FORMAT(IIt'IHI$ I.S FOR _tI_._tD;Y(S) m)

WRITL(Gt21;} Rl

FOKMAT(//_tKI(1):_tEI2-Tw/,ttRI(2) :_E1'_,,Tt/_ _I(3}=ItE!2.7)

'i
I

1
I
I
I
I

I
I

I
C

C

C

C

C

C

C

C "

THE. OKI_ITAL ELEP'EP:TS GF CEIMCS ARE

ESETC (I)= q 7 GOfT.,,0

E::;ETC (2) = _,.qO26

ESETC(3)= • 031_.2

ESETC (t,) = 1,571

ESETC (6)= ].C

ESETC (7)= _ e2:L_ Elt*

ESETC(8)= 1.26

GIVEN THE OKBIIAL ELEMENTS OF DEIeOS_

OETORC RETUHNS THE RECTANGULAR_ MAP. S-CENTERED

COMPONENT3 OF DEIMOS _ POSITION AND VELOCITY VECTORS

CALL OLTOKC(ESETC_ X_ XDOT)

RT(1)=X(1)

RI(2)=XIZ}

RTI3)=X(3)

I,IgI TF_.(6 _ 25) RT

2b PORP_AT(IIt_KT(1)=_E12,7_/_RT(2]=t_E12,7_/t tRT(3)=_E12,,7)

CHANGE THE UNITS CF XDOT_ IHE

KM/DAY TO KMISLC
XDOT (1)=XDOT (1)/(2_,0 0*36 G C. O}

XUOT (2)=XLIOT(2) I(24,, 0"_6 O 0,,O)

XDOT(3) =XUOT (3)/( 2_-- 0*360 O. O)

MOON VELOCITYe FROM

GIVEN INPUTS OF TRANSFER TIP[! tHERE IN DAYS)I TRANSFER

ANGLEr (GREATER OR LES_ THAN PIlt AND THE GRAVITATIONAL

Figure 3.4.18 Lambert Code: Geometric Method
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I
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C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

PARAMETER OF IqARS IN KM/DAY AS klELL AS THE INITIAL

AND FINAL POSITION VECTORS; SLMBRT RETURNS THE INITIAL

AND FINAL VLLOCITY VECTORS

THE INITIAL POSITIOr_ VECTOR IS MEASURED FROM qARS

TO THE BAKGE IN THE I_TERPL_NETARY TRAJECTORY AND

THE FINAL POSITION VECTOR IS MEASURED FROM MARS TO DEIMOS

THE POSIIION VECTOR TO DEIMOS IS FOUND AT TEN EQUAL

INTERVALS OF DEIMOS PERIOD TO YIELD A LOCI OF VELOCITY

VECTORS AT LVERY Ot_E-TENTH OF THE ORBIT PERIOD

P(1)=I

P(2)=PII3. O

P 17)=3.,2[4F 14

CALL SLMBRT(PIRItKTtVI,VTtIERR)

CHANGE THE UNITS OF THE VELOCITY

KN/DAY TO K_/SEC

VECTORS FRO_

VI(Z)=VI(Z)

VI(2):VI(2)

VI( 3] =VI (_)

VT(IJ=VT(Z)

VTI2):VT(2)

VT(3)=VT(3)

WRITE(6t39)

3C FORMAT(I/,;1

÷/19eVT(1)=I
COMPUTE THE

OF THE BAR.GL AND VI,_ LAff.CEKT

0V1(I) = V]NFI(1)-VZ(1)

DVI(2) = VINFI(2I-VI(2)

DVZ(3) = VINFI(3)-VI(3)

WKITE(&_*) UVI
COP, PUTE THE DELTA-VEE AT

AND VIg L.AP_UERT VELOCITY

MOON VELOf;LIY IS GIVEN

DV211) = XDOT(1}-VT(1]

DV2(2) = XL1UT(2)-VT(2)

DV2(3) - XI)0T(3)-VT(3)

WRITE (6t*) OV2

DVTOT1 = SQKTICVZ(1)

DVIOT2 = S_RT(CV2(1)

DVTOT = DVIOTI÷DVTOT

IdRITL (E,,_6r-,) DVTOT

6( FOKMAT(I/9 tiTHE TOT

1E CONTINUE

STOP

IF.ND

/(2q,0"_£ DO. 0)

/(24-0"360D. C)

/(24.D*_60_.G)

1(24._}*3E. DOoG)

1(24 00"36_0. C )

/(2=_.0"36 CO. O)

VI_VT

VI( I)= _ rE 12,,,7t/* tVI(2):* tel2 07, I, tVI ( 3 )=I 9Eli -Tt

gE12,,7_II IVT(2) :ItE12"?Ilg IVT(3)=wt='Z2,,7)

DELTA-VEE AT DEPARTUR.E BETWEEN V-INFINITY

VELOCITY

ARRIVAL BETWEEN MOON VELOCITY

BY OETORC AS THE ARRAY XDOT

**Z+ DV i( 2)*'2÷DVI(3)*'2)

**_* DV2(2)*'2+DV2(3)*'2)

2

AL DELTA-VEE IS _F12,7t _ KM/$EC*)

(Fig.3.4.18 Continued)

I



optimum time would be to send the probe.

Two methods of determining the final position vector have been

considered.One method involves determining the rectangular components of

Deimos relativeto the center of Mars by inputting the orbital elements of

Deimos into the subroutine OETORC. This mission library subroutine takes

seven orbital elements and returns the rectangular components. The

problem with this method is that the orbital elements of Deimos are not

accurate for the time period in question.The second method involves finding

the rectangular componen_,s by assuming Deimos orbit is circular about

Mars. Given the orbital radius of Deimos, the final position vector is found

at 30 degree increments around the orbit of Deimos using trigonometry, see

Figure 3.4.19.Using this method, a locus of final position vectors can be

calculated.The problem with this method is that the x and y components can

be found but the z-component must be assumed to be zero.

After these two position vectors are calculated and input to SLMBRT,

the subroutine will return the initialand final velocity vectcr? of both the

barge and Deimos relative to Mars. To complete the analysis,the velocity of

the moon must be subtracted vectorially from the final velocity vector.The

initialvelocity vector does not need to be modified because the original

v-infinity vector was determined relative to the velocity of Mars. The

vectorial difference of the modified final position vector and the initial

position vector is the delta-v vector. Values of delta-v are then easily

obtained.

The method of final position vector determination by use of orbital

elements gave the lower values of delta-v ranging from 6.20 kmlsec to 7.78

kmlsec. Delta-v values obtained from the geometric method ranged from
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_.._,_ _._,_u Lu ,v.,, _,z,,_L.. one would

decrease the further the barge is from Deimos. This would

would be best to send the probe approximately seven days

orbital insertion.

A study was completed to determine the effects of

expect, the delta-v values

imply that it

prior to Mars

changing the

inclinationand eccentricity of the parking orbit on delta-v values to Phobos

orbit.To effect this end, one of the orbit scenarios had to be chosen. The

two-burn trajectory with the apsidal line perpendicular to the line of nodes

was found to require the least delta-v and hence was utilized for this

analysis. However, the four-burn trajectory should also be considered

because phasing can then be used to simplify rendezvous maneuvers. It was

not used inthis analysis,however, to simplify the calculations.

A TK! Solver model, Fig.3.4.20,was created in which eccentricity was

varied from 0.0 to 0.5 for a given inclination.The inclinations varied from

the current value of 64.12 degrees to 0.0 degrees with 36.0 degrees as an

intermediate value. For each case, the originaltwo-burn model was used to

determine the delta-i lower, (ie.,theinclinationto take out at firstburn,)to

minimize delta-v. After this lower inclination was determined, it was

thereafter held fixed.The radius at periarian was also held fixed because at

periarian the orbit reaches Phobos orbit. Since this is a desirable

characteristic,it was leftunchanged.

The two-burn trajectory was then modified such that delta-i lower

was held fixed and eccentricity and the radius at apoarian were variable.As

the eccentricityis changed, the radius at apoarian is also affected.A range

of delta-v values was produced for [welve values of eccentricity. As

expected, at 0.0 degrees inclination the delta-v values were the the
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9450

36

L

.5

35.5

L

L 0

3897.5

L

Name Output Unit

vcl km/s

mu km^3/s^2

rl 5846,25 km

vtp 3.0085942 km/s

r2 km

dvl .0316074 km/s

vta 1,8612692 kmls

vc2 2.1288644 km/s

dv2 1.2428599 km/s

dit deg

dvt 2,2211519 km/s

dil deg

dih deg

vpl 3.0260787 km/s

ap km

e

rp km

ra km

Comment

Lower orbit Uelocity
Graviational Parameter

Lower Orbit Radius

Perigee Transfer velocity

Outer orbit radius

Delta v #I

Apogee transfer Velocity

Higher Orbit Velocity

Delta v #2

Inclination between orbits

Total Delta v

Lower Delta Inclination

Higher Delta Inclination

velocity of park.orb.@ peria

semi-major axis of park orb.

radius at periapsis

radius at apoapsis of P,O,

* vpl - sqrt(mu*(21r1-11ap))

* vtp = sqrt(2*mu*(11r1-11(r1+r2)))

* dvl = sqrt(vtp^2+vp1^2-2*vtp*vp1*cos(dil))

* vta = sqrt(2*mu*(11r2-11(r1+r2)))

* vc2 = sqrt(mulr2)

* dr2 = sqrt(vta^2+vc2^2-2*vta*vc2*cos(dih))

* dvt = dvl + dv2

* dit = dil + dih

* rl = ap*(1-e^2)

* rp = ap*(1-e)

* ra = ap*(1+e)

Figure 3.4.20 TKr Solver Model.

Delta-V Budget with Varying Eccentricity and Inclination
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smallest and became even smaller with increasing eccentricity. These

values ranged from .28 kmlsec to 1.13 kmlsec. A plot and an accompanying

table appear as Fig. 3.4.21. A similar analysis completed at 36 degrees

produced a range of delta-v values from 1.27 km/sec to 1.87 kmlsec. A plot

of delta-v vs. eccentricity and an accompanying table of the results were

generated and appear as Fig.3.5.22.Delta-v values shot up dramatically for

the 64.12 degree inclinationand the range of delta-v's was smaller than for

the previous two cases. Values ranged from 2.16 km/sec to 2.65 km/sec. A

plot generated of delta-v vs.eccentricity shows that beyond an eccentricity

of approximately 0.47, the values of delta-v level off.This plot and an

accompanying table appear as Fig.3.5.23.

The results of this study indicate that it would perhaps be

worthwhile to modify the existing parking orbit to a lower inclination to

accommodate the transfer missions to Phobos. From the energy requirement

standpoint,an equatorial orbit would be highly desirable but would severely

limit the attainable latitudes on Mars. The current parking orbit was chosen

primarily to accommodate trans-Earth injection but considering all the

possible trafficto and from Phobos, it would be well-advised to relax this

constraint to save the energy needed to make such a large plane change time

and time again.

We recommend that serious consideration be given to developing a

new parking orbit.Additionally,proximity maneuvers should be investigated

to rendezvous with a moon once moon orbit has been achieved. This entails

studying the feasibiltyof C-W targetting and equations. Initialcalculations

were made that imply that Mars is the dominant body for targetting

maneuvers.
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3.5 MARSMOONORBITALTRANSFERANDRECONNAISSANCEVEHICLE

The projected use of the Mars Moon Orbital Transfer and

Reconnaissance Vehicle (TRV) will be to ferry the exploration party from

the Mar°sPayload Transfer Vehicle (MPTV) to the moon Phobos. The TRV will

also be upgradable for use in excursions to the moon Deimos and for

deploying satellites about Mars.

A preliminary design study has been conducted on the basic

configuration of the TRV. The study primarily concerned the logistics of

module exchange and upgrading along with overall TRV upgrade capacity.

Another key consideration of the study thus far has been the possibility that

the vehicle may sink in a deep layer of moon dust.

3.5.1 VE IP.H _LECONFIGURATIONSUNDERCONSIDERATION

There are two basic design types under consideration, an excursion

vehicle similar to the Apollo Lunar Module (LM) in shape and function (shown

in Figure 3.5. I). The other type isamodular transport bus design..

There are two basic subclasses of the modular transport vehicle: the

closed truss system and the open truss system. A general closed truss

system is shown in Figure 3.5.2. The external truss lends its rigidity and

strength to the TRV and contains the various modules inside its structure.

The open truss structure provides no containing walls to the TRV and

consists primarily of a truss plane on which the components and mounted. A

generalized open truss TRV is shown in Figure 3.5.3.
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Figure 3.5.1 Generalized Lunar Module-Type 
Transf er/Reconnai ssance Vehicle 



I 
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Habitation /Command & +inding Pad& Docking Module 
Mechanism 

Figure 3.5.2 Generalized Closed Truss Bus 
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TOP VIEW - 

Figure 3.5.3 Generalized Open Truss Bus 
(Flatbed TRV 1 



3.5.2 PRELIMINARY EVALUATION OF VEHICLE DESIGNS

3.5.2.I EVALUATION CRITERIA

The preliminary design criteria were broadly stated so as to

eliminate some ship designs with major shortcomings quickly.Table 3.5.1

shows the selection criteria chart and the results of the preliminary

evaluation.

The ship must be able to land on the moon's surface and take off again.

Due to the low gravity of the moons the structural limits of the TRV are not

of major concern in this respect; the maximum sink depth of the vehicle in a

loose soil enviroment is.To minimize the sink depth in the event that the

landing gear is insufficient to support the vehicle above the surface, the

base area of the vehicle must be reasonably large to allow the vehicle to

"float"on the soil.

Modularity is a key feature of the design of theTRV. Because of the

distance from Earth-based repair and manufacturing facilities,the vehicle

must accommodate the capacity for repair and upgrade on site.To facilitate

ease of repair and upgrade, the vehicle must be inherently modular. This will

permit quick changeout of subsystems and remote repair and testing of

subsystems as whole units.

Due to the isolationof the Mars system from the Earth the TRV must

be able to perform a variety of missions. As all of the potential uses of the

TRV have not been considered at this point, the capacity of the TRV for

expansion must be included in the preliminary design. It is hoped that the

TRV will eventually be upgradable into a vehicle that has the capacity to

transport payload into the asteroid belt as future missions dictate. This

expansibilitywill probably be implemented by the joining of the structures
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of multiple TRV's together to form a larger vehicle or provision for

additionalmodules on the baseline TRV as required for extended missions.

A final preliminary criterionwas the ability of the TRV to handle a

wide variety of cargos. Since the TRV is to provide orbitaltransport for the

first mission to Mars and all the subsequent missions the varieties of

cargos that the TRV is to carry can not be accurately modeled at this time.

In response to this the TRV is being designed to accommodate as large a

variety of shapes and sizes of payloads as possible.

-z._,._.S...,._,", EVALUATION RESULTS

As a result of our preliminary study of TRV's the following designs

were dropped: the LM derived TRV (Figure 3.5.1) and the closed bus TRV

(Figure 3.5.2).The general results of the study can be seen inTable 3.5.I.

The Apollo LM derived TRV provided a rigid,formed structure that

limited the expansion capacity of the TRV and thus failed to meet the

modularity criterion.The future expansion of the vehicle was limited by the

same rigid structure that limited the modularity. The LM type TRV also

failedto provide sufficent protection from the sink possiblility.As a result

of sink the engines could become covered and/or clogged, possibly

endangering the TRV, mission and crew. The cargo envelope is severely

restricted due again to the rigidstructure of the TRV. The cargo would have

to go inside the main structure of the vehicle, thus taking up crew and fuel

space. Access to the cargo required large doors in the structure, thus

increasing the weight of the overall vehicle without providing any

additional useful function.As a result of these failures to meet any of the

criteria the LM type TRV design has been dropped from the a_0_lusis.
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LM Design

Close Truss

Bus

Open Truss

Bus (flatbed

Table 3.5.I Design CriteriaTable

Expansibility Modularity Large Base

Bad

Fair-Poor

Fair-Good

Bad

Fair-Good

Good

Area

Bad-Poor

Good

Good

Cargo

Access

Poor

Poor

Good

Bad- Failed to meet Criterioncompletely

Poor- Barely acceptable in meeting Criterion

Fair- Sufficently meets Criterion

Good - Completely fullfillsCriterion

The closed truss bus TRV failed to pass the criteria established for the

preliminary study. The closed truss bus TRV ran into problems in its

attendant modular exchange procedures. The removal and replacement of the

fuel modules would require either the removal of the engines or a portion of

the truss frame. To attach the fuel modules to the engines, accessing the

propellant connections would have to be done in confined areas and the

potential for dangerous conditions is thus increased. In addition to the

module exchange problems this TRV design called for a special dedicated

habitation/command module. This would restrict the potential growth of the

vehicle and add additional weight to maintain the habitation and command

areas in one vehicle.This last restriction could be overcome by replacing

the dedicated module with the habitation modules from a space station.

Therefore it is not one of the main reasons for dropping the design.The main
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reasons for dropping this RTV are the lack of expansion capacity and the

limited cargo envelope.

Expansion of this TRV would further restrict access to the inner

modules and complicate the combination of two (or more) TRV's into a

larger unit.The crucial failingof this TRV is the limited cargo envelope.The

cargo is stored in a "hold"just aft of the habitation module. The cargo must

be shaped and sized such that itwill fitwithin this-limitedarea.In addition

to this shortcoming, the removal of the cargo is further complicated by the

fact that if the cargo is large a truss member may have to be removed to

provide sufficientclearance for cargo removal. This TRV failed to meet the

standards set for the TRV to be used for exploration of Phobos, and

consequently it has been dropped from further consideration.

The open truss TRV (or "flatbed") has the best rating against the

established criteria.Figure 3.5.4 shows the generalized cross sections of

the various flatbed designs that were under consideration. Figure 3.5.4a

shows adouble-sided flatbed. The advantage of this particular design lies

in the area it provides for cargo and system modules. The problem with this

design is that itwould potentiallytrap cargo in the event of sinking into the

soil.Other configurations studied were the inverted "T",the inverted "Y",

and the "X"(Figures 3.5.4b,3.5.4c,and 3.5.4d respectively).

The inverted "Y" and the "X" designs were found to have a problem due

to the enclosing structures at their bases. This left the inverted "T" as the

primary structure under consideration.
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a Double-sided

b Inverted "T"

c Inverted "Y"

d "X"

Figure :3.5.4 Generalized Geometry of Open Truss Buses

(Flatbeds)
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3.5.3 VEHICLE CONFIGURATION

The TRV will consist of three inverted "T" segments on the transfer

to Phobos and will consist of two on the return.The vehicle segment will be

described in Section 3.5.3.1,and the specific configuration of the TRV

elements will be described in Sections 3.5.3.2-3.5.3.4.

3.5.3.1 INVERTED "T" STRUCTURAL CONFIGURATION

The structure of the inverted "T" consists of two truss planes, one

vertical and one horizontal, connected together to form the "T".The truss

planes are composed of truss elements, similar to those proposed for the

current space station design.The elements are cubes that measure three

feet to a side and are composed of eighteen members. A simplified

representation of one is presented in Figure 3.5.5.

The end of the segment is capped with a support plate that lends

rigidityfor the veriticalmembers.

The main structure of the ship will be composed of segments of the

"T" truss.This was chosen to establish a vehicle that was as modular as

possible and to give as wide a range of uses for the vehicle and its

components as possible. -The truss segments measure 60 feet across the

bottom of the inverted "T",60 feet vertically,anclhave a length of 70 feet.

The layout of the Inverted "T" segment is shown in Figure 3.5.6.The size of

the segment was determined by the requirement that standardized

habitation modules similar to those proposed for the space station be

incorporated in the design. Further discussion of the habitation modules is

in Section 3.5.3.2.
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Figure 3.5.5 Inverted "T" Truss Segment

With Truss and Thrust Rods
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I. _ f - _I I'_ "I "coverit!_ the erltire hottorrl of tr:_ .:t_, rt,,v.-, T!li:-; _r,_,_,I,It_.-enr;._ "_"'-_÷
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_eer_included telprevent the possibility of sin_..,into the potentially deer._

Pho_iarz regolith.The po.::sibi!ityof using the bottom of the vehicle as a

passive heat radiator has been suggested, but not explored in this study.

To meet the need for heat removal the top six feet of the inverted "T"

has been reserved for radiator panels similar to those employed on the

shuttle.The radiators will be placed along the top of the vertical truss (3

feet wide) and on the sides of the vertic:altr-_._o;.--.-(16feet from top).The side

par:elshave the ability of swinging out to double their effective radiating

area. The area of the radiators is equivalent to that used by the shuttle

(Reference I).The radiated output should be improved by the fact that the

inc:reaseddistance from the surlredL'c:esthe amount of panel heat!r:.qThe

estimated heat rejection of a single structura! '.,:egmentis over 15.35

!::.Watts.The panel configuratior_sere shown in Figure 3 5.6

The structural elements also have their own battery power backup,

and the potential for chemical fuel cells, solar panels or nuclear power

sources. As the primary design of the vehicle is for exploration of the

Martian moon Phobos and like missions, a nuclear source will supply the

needs for the vehicle and the batteries would be used as a back-up This

power source is similar in design to the SP-IO0 reactor and generates 50kW

of electrical power. The mass of the reactor includes additional shielding

for added protection for the crew.

The structural elements have their own propulsion units. The

positioning of the units is shown in Figure 3.5.6 The attitude control of the

entire vehicle is spread throughout the segments of the vehicle.T.hlsallows

the segments, with the addition of a c:ontrolunit, to be operated as: a

- f. I ._:nr.lpI_.te,",Jt.This results in the fact tha_ rnar:ip_.ll,_n_--,ar_ ,,-,_-_ ,'........ .. r ._C]I.,_-_

I



for c:on:-:tructior_of "-,,_I_l"-,_le seqrrlents,_and a11ows fc,r the potential of usinq

the segrnents as:__,_,,,''.:,.The lar_ding/liftoffthrusters with addltiona! f,_'.'

tank:::should also be c:apableof prcwiding thrust for orbital maneuvers.

. t "Thp.segments have a .runk that conduc:ts power along its length and

C"-"

al:-:ohas nrovisicms for carrying ECL_,:,materials. The ends of the trunk have

c:onnr,_L:t/disc:onnectcapacity.The pipes that carry the fluids:must beeasy "" '

_,_e to connect and disconnect without the In_-",_......... :,or addition of material from

or to the pipes.The trunk consists rnainlyof the pipes and c:ablesr-equired,

plUS a protective c:overirlg

Every one of the compor_ents of the segrnent are removable for

c:us:tc,mizatinrr , _r:,r,_.: Th_ 1-" _'",I:. r.......... gear :-; th a.... u,,_,,_g r-equire that it be replaced wi

_ _ . " " ,.... L.,..,,t_ ,.1_ ,:. ._._..:_.,,_._l_trus::; _l#.rrlent it-! the e',.,'_.trt ,-,f its r-emn:,'el The -,-,,, ,-,-_ jet" of the :-o'_,"_-"_

t-_ _l,_f-e J'arl!.i::;,, arlI-I ,:. irl r,,'_-{" c f..!l!_ f 'I'Wl"lltl'flha;/e t.n.,t-,_,_...... u...ud in _,_.,,_ +_,_,,,.... ............. ._ ................. "_''"-'.'" dition to

c:orlt:-o] c:irc!.litr- arid the engine.'-; themselves;

l r- ,-i- C. J r.._ .q _"*.'...._...,.,. HABITATION E,.EM_N I DE._,I___rJ

The foremost Segrnent of the TRV is the HaMtation Segrnent (see

Figure 3.5.7). This segment contains all the neccessary components for the

explorers to survive their trip (with the exclusion of the nuclear power

source). The .front of the vehicle is the location of the habitation modules.

The size of the structural segments was dictated by the size of the standard

habitation modules from the space station. The original space station

rnodules had the capacity for mair_tainir_g, the needs: of four men for .n_,,_,_,,,,,,_.:__

days (Referenc:e 2). The habitation rnodules c:hosen are identical in

dimension to the ones chosen for the space station,but they are configured

with sleeping arrangements for two in horizontal bunks. The hc_rizont_l

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I



I

I
._ .. ., TR'Fi.qure3.5.7 Habitatlon S_.gment of .,,,

T-

Scientific Packages

t_3

I

I



_,ur_k:'_:_are required because of the low gravity level of the moons. The low

!_ra'-.:']ty WOLIld make v_rtir:al.. =,.,..__,,,,:_r.]_m,,__,,-_t,r_c:ornf oft ai- ] n.. arid du,,-]tz.__-,_,thrust the

back ;*,,all of the st .-.r,-,7e,.._ltt_ chamber wotild double as the acceleration couch.

The floors of the habitation modules lie parallel to the cylindrical axis of

the rnod,,le. A represer_tation of the module.'-; and their size is shown in

Figure 35.7. Due to the e'..',tended time that the crew members would have

been in space it., was determined that the modules should provide as much

space as possible.

The base width was deterrnined by an approxirnatior_of the ,.:_tability

,_-:haracteri'--:_ics........... of the "-_,,,_ ,i c:_e ur,]er 1,-,_di,-,,_,.__bH_the ,,_,_,h_+.__, ..... on rno d_.,,'--f_ ::. and

othe,- cargo The height was determined by the separation of the habitation

m,-,_,,,_.-.,:_' " unu-" _ the rleF_,t f,:,_- i_ ,,,i-,-_ _n_ a:-ei_, for a_lChor]rl :-I *_.t_ ",_,n,lation-

rnodu]p.s _--r., ,--;,_ -,-,_+,-. - - -'.,_...,_,e.,:_. The l_,h__-,, of a si,,,,,.:l,_' eler:_ent ,^,,_.:....... dpt_,,',r,it_u h,, the- . - . J_ .._._ ,_ _,,._,

1'-'_,,_+_,,_,,,__,.,,of a habitation module with an interfar:e t,-,_,_ul_- on each e,,d.,_T_"'!:,,,,

was to allow for a variety of possible configurations for the ha-,itation and

laboratories aboard the vehicle.

The '- _-_- the :--;ciEuL ...... supplies arid ent.ific cargo at-e stowed orl the side:-;

of the habitation segments. The location of the supplies is dictated only by

the access required and weight balances.

3.5.3.3 ENGINE SEGMENT DESIGN

The engine segment is similar to the habitation segrnent in that ithas

a triangular truss piece on the end. Four engines that propel the vehicle

during the transfer are mounted on the end pie,ce.They are arranged .:_uc!,,

that in the event of a -" - _'-- ... ,,-.- ...._,_ngte., double or triple fail.,t_ the enai,,_._..,o,,il] still

t,_!ance the thru:--;t along the ,,et,lL.l_":: l_ny,.,,. The engir_e "_-:e!_;-;-_e_,t_,-,,4 tt_e
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engine configuration are shown in Figure 3.5.8.

The sides of the structural element hold the fuel tanLs and the

nuclear plant (50kW). The fuel tanks are positioned to shield the area around

the vehicle during excursion and the shielding on the nuclear generator

itself is situated to provide maximum radiation protection for the crew in

the habitation module. The variety of pumps and controls for the engines are

situated opposite of the engines on the end plates, and the controlling

circuityis situated forward on the segment, as far frorn the nuclear reactor

as possible to reduce the possibilityof radiation damage to the circuits.

3.5.4 SAFE HAVEN / MELON DEPOT SEGMENT DESIGN

..... n,--_,- ' mear_t to he le_tThe rniddip segrr, erKt _,: the save haven se:_,_w...t_t._-'

i-..,ehind on Phobos On one side Elf the segment is a habitation mo,2t'!e,

configured with sleeping arrangernents for four. Figure 3.5.9 shows a

generaiized layout of the components on the habitation rnodule. The

I:abitationmodule is meant to beburied onPhobos, so the need fora raised

exit hatch dictated the need for two interface modules and a tunnel.Also on

--. C. ¢--.the Safe Haven segrner,t are tanks for-storage of fuel and EL.L_,=,material:-:

that can be accessed through a port that rises above the intended ground

level. The Safe Haven is to be buried at a depth that has not yet been

determined due to the lack of information about the cornpositionand densit!,

of the Phohian regolith. TMs is one nf......_t',_' reasons that _ _,,-,_r-u,-.:.,:,;-u..,rni ssi on

to the moons is advised During thi_ deo]gn phase ,the burial depth has i-,een

assumed to be less than fourty-five feet. This has been done to a]]ow for the

operation of the radiator panels after buria!.

In addition to the cornDonents that at-e destined to be buried, there i-:

I
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ai::,:,on the Safe Haven segment ar,,othernuc:lear power sourc:e (50kW_ Th]:::

power source is to be remo:,,'ed,set up and brought up to power a distanc:e

from the burial site. It should be encased in regolith and haYe its own

independent radiator system.

-z_ _ VEHICLE ciIZING

fTh_. proc:_.c:_:of ',_ehic!e¢.i-_inn_Mas accomplished b.LIusing data from

_..¢." - _ .the space station d....Igrl plans and c:urreritc:huttle information. These

sourc:es are listed under ref_'.rencps.. _ "*throuah_,5. Aclditional ref_r--__rzc_.:,-_ wiii

be _"-o':_"+'-'_ in the t_ ''_

- -..... t .....l, .rt_lr,_ halarmcin.q ,^,,- _-The mu.=,=, balanc:ing and t,,-. '_-,--,- . ,, u., ac:complisi'led usir_g

tw,-, Tk! Sol"_,- nIr, d_ls Th_;_ ar-e n,-_,:_,+_,_ in A Eno,Hi E _' a,-,,i _,_,.-.,-,i_ -_............. _ ..... _.:: _,_ ......... .,4 E

Tho model wa ,= the " "' '-+' " . t,-,,-l,,,-_

-, ,-,_ '.,,'_.,3i.i8,seclrner_ts.Trend ,'_r'Irlrr'>Irr"'_"il'l" _,'a':II:..;eI_ iri deter-rr!_,l,,!4t_ indi

,---,a::;:E,e::.:nf n-larly ....,r,-r,-,_.:.'n'_er,.... c.w_,_,,,,,ur.... the ac:tual rnasses couid not be

,ietermined directly Table 3.5.2 shows the mass iist for the struc:turai

,:._,prr-_r_.'c.c:orrlporlerlts.

The truss structure c:fthe system is cornpc_sed of a Graphite-Epo','.y

ol de Acomposite, and is formed by elen_ents that are three feet on a _

d_n::;itLl.. -.. nf_ this rnaterial has been calculated to be _._."..;n7q. g/"cc. The ,.,,,,_.,-.:-_ de,..., _.

and tile endcaps of the truss segrner_t are also corr_posed of the

r_,-._ __e-EpF,_:.LI.,, _p.n,.. .,,.. cornposite. Using the rnasses of the systerns, the TK! E;ol ,'er

models then iterated to calculate the fuel mass for- a given Delta V for the

transfer buw. frorn Phobos, less the systern masses that were left or

consurned on Pr_obos. This fuel rr,.,"_':"=..... ,^,r_-,,_._, ther_ entered as c:argo rnass for the

.... t,lut,r,ur the total _':,-_trip tr, Phohos arid t k'',,,.... prnr:_-;_-;., repeated Irl tMs ,-,,-- , ............
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mass of the vehicle is obtained. The components of the vehicle an:_t__e

ma:-;.ses _,""r,!'...'ed,,,,,...are .,t,u,,n'-,"'_' , in Table 35_. ._... Table 3.5.4 sl,_,,_,,_;..... tile l_,,,-,ch._.._,,

masses as a function of the Delta V for the one way transfer, Figure 35.10

graphically represents this data.

The data point for the 64 ° inclination barge orbit is sufficently high

that it is advised that a lower inclination be used to lower fuel

coRs,vmption,particularlyif more than one mission to Phobos is desired.

"Z l_ _ , _', ,, • ,C._,-. , _ _..-. r- i _,..........,,,',.._CLEUSES FOR SUB._,r'qbEN_I"I!.-_,:.,IL,hS

This vehicle d@si.qnwas, -,,-I to:l_.,._,.,oped nlp._t not only the needs of the- ,° - . .

initial rnanned _u,-',,'_t_._,r'fthe l',_,t,,_,,'_-,-_-,,systern but to serve the orbital

÷,-_,,.:fr_- need':: for later missic, r_::;.The T ................ ,Rv is highly modular, c:apaE:_e e,'

e,'..._par_ding in,lenqth_ hy adding rnc,d_les. end to _,,,_.,,,...and in width .,..hL_._,._"_,_,.,ng

modules side to side. It is for,-r._.nthat the first manned mission to an

asteroid ir_.,.__,,be made usin.q.,an e;'pandedversicm of the TRv."'



Table 3.5.3 Ship Mass Table

:-'_"ir, i-'n_'r'rr_NI","_',t

Structural Elements

Habitation Module

Tunnel

Interface Module wl Ai rlock

Engine (251757 N thrust)

Nuclear Power Source (50kW)

Power Backup Systems

ECLSS Supplies (02,N2,H20,Food & tanks)

InitialCargo Mass

EVA Equi ptment

EVA Fuel

Fuel

Table 3.5.4 -Fuel

Mfuel A Vmi33io n Mfuel

kg mls kg

1000 31009.83 1676
1026 31g_6.? 1702

1052 32911.64 1728
1078 33874.7'3 1754
1104 34846.03 1780
1130 3_82_.65 1806
1156 36813.64 1832
1182 3?810.1 1858
1208 388i5.11 18_
1234 39828.75 1910
1260 40851. I 1¢J36
12E_ 41882.26 19_2
1312 42922.31 I_
1338 439?1.33 2014
1364 45029.42 2040
13g0 46096.6? 2066
1416 47173.15 2092
1442 48258.98 2118
1468 49354.24 2144
1494 504_.02 21?0
1520 51573,43 21c_
1546 52_7.54 2222
15?2 53831.48 22,48
15g6 549?5.32 2274
1624 56129.18 23OO
1650 57293. t5

I

I
Mass ,"kn_

'. '..._""_--'1_..

9.,o_ I
0-" ....

•' _.' ._.__, ./

"'-" I494.4

5277.5

1107.7 I
3 3 r)O. 0

200.0

1293.36 I
4000.0

1 1 1_"- I,, ...-_:

500.0

as per "_,:,-_- Il i _''_.' tun

I

Mass I

/k _mission

m/s

5846?.
59651.85
60846.79
620_2._
63268.36
64495.22
65732_gs
66081.61

6824 I. 38
69512,35
?0?94.62
?2088.34
?3393.6
7'1710.53
?6089.26
7"/3"_. 0
?8732.58
80O9?.44
81474.59
82864.17
84266.31
85681.14
87108.8
88549.42
90003.15
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.__.__. _--.-._r,.__L.,.__Ar_,L......FOR A MANNED.P.Ei-_C!NNA I'-c4,._,A'NCE OF FHOBOS

A prp.liminar.LI_...:.,--_r,-,-_r..,.._.,,,_,.,fnr_a manned ._...,_,_'..'_;orationnf P.hoI:,:_sha:,:__n_,,,-,.,,.

de:=;iqn_d to acc:orrimodstn tiie .-.,--_,_,-.t_:_r:and t_r:hnir:al .... _....... .,.... ,.-.,: ........._., _, ,-,F,_.-._-ti ,.,.-..:.nut! 1,I....:1b!4
. .... ._ . . _

t..........bn T'-r=,.=,["t0on '-=,L:,eric:e-i Grc,up. This :-:c:enari o c:c,n :::i .=.t _-.of a It,l""....c..=lull"" tim_lirle-'

initiated,at transfer orbit insertion and conc!udina.;at ,,,,h._,-,_n_.renoevous,

'_'"_,,I....."ltdetails _=-_'F,_._l,r:_Ina!-N"_'_ ' crew activity plan wMch includes 11-15 EVAs

,..,'.n,,.'.r_m_.,,..,,,,._4-8 sites on Phobos. The time!ine ,,*,,asestimated util_-,.,ng,,.,

n,-.-.,.,iou:-;Mstor!.I,:shutt!eand Apollo) and a --,_---"-_"-._ . . L.U,IoUI",_ LI ';U a.rlproach _^_h_r_i-,_I _.'_i" • II II1--'I '.'I,.t_--..I

any major mis:::ic;nevent (i.e,a rende':'ous site change, or E'v'A)would

_'F'r_ _"F_ _, F-_'-.,'i._ .... . a d...dl _._,._.,_mission daLl... Thn_ entire t'ni:-::-:ior_ i:-: c:urrentlu._. 22 ,_...,_n,,--in

_':,,,-o_c,n but this value i_. dependent on th_ t, u,,.., _t tra!_r:torie..--; wMch __,,,o

not beer, :--:elected as !_.let

T-e t,m_.11 ..... _.:: ::;howrl ih Table 3 C, i No,re +_"_* *_"_ *et-tr_ ,!;_, ,-.-_'-, ....
- _,'- , . . ,. i__.:. .!;._ ,. '_'-:.-i _ U; U_ :" I. LI

a 24 _-,,-,.t-neriod. The _,_-._._-,,-,,,..of t_-,_,t_,-,-,o;_,-,.-,i._--_the _-_ ,'_,-_,,,o,* _,-,,- t,,^,,n

,,,,_, __',',._i rff".... EVAS at each pr]rnar_ --t-.:,]._. with an ,:,pt_,.,t,-,f,or un- additional EVA ,_.°*+",_,,.,...

:--;econd third and fourth primary sites. To rnaxirnize the efficiency of the

",',i ,-._: . _t,,,ssion time, a four-person crew was .:,_.lected for the missir, n tr., nerrnit

back-to-back two-persc,'n EVAs at each site. In this way crew fatigue is

" --_ i_ "n'_ini,m],._d and no single crewmernber conducts an E.,,"A in two --_,-,,,-.,-.t__,_,.,,.,,.,at

days h,_--._..=, the contingency days are utilize.d;. The burial of the

safe-haven on the tMrd day after Phobian _anding. r-em_ires a th_-e_-- p_.-,-.:-,-,_.,

EVA but the rnan-hours required for this operation has not been rletermined

Tasks to be completed include a detailed estimation of man-hours

requlred for safe-haven burial,testi,,y,and .:,y'._-,t..rr[::,ir_itialization.E'v'A

rnar_-hours pet- sorti_ and tru .....! ÷ times Th_ do+_led tim_!ine,-_,.--., _*_,-,q

f;om +t-n,:_,._._..,..studies ,,*;ill b_ ut.ili_ ,'_ to size *h_ equiprr_er_t ,,,_.r,,_,,,':_'-*_m':

-_,:'_'-- t for the nv_.r_tl _,-.-,-,--i.--.,:.. ,-,,---I" ..i_'..,i _t ........ r .... L,thlU ..... a .... _ rrti:-;siorL
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EVA #2 SITE #4
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RETURN TRIP P.RrPAR_T_OI':D

LIFT OFF FF..u,IPHuSOc,
",r"f-i ¢, i,,lt",r"_-Ir,._u_.z,rr.R 1
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3.6.1 EVA's :SCIENCE

The EVA's on Phobos involve all activities on Phobos in which the

astronauts don space suits and lifesupport systems and perform operations

outside the pressurized habitation modules of the Transfer Reconnaissance

Vehicle (TRV). Some possible EVA's include the removal or reinstallationof

protective covers or tie downs, replacement and inspection of modular

equipment and instrumentation on the payload or spacecraft, transfer of

cargo, setting up surface experiments and collecting regolith and rock

samples. The minimum crew requirement has been established to be four.

This number provides for alternatingtwo man teams during EVA periods.

EVA's on Phobos will be unlikeany EVA's performed in the past.There

will be surface activities, but with almost no surface gravity, these

activities will almost resemble space walks. This presents a challenge to

design new ways for surface exploration on sizeable objects with low

gravity, such as the two moons of Mars or the vast number of asteroids in

the Solar system.

Before any EVA's can be started, the space suits to be worn by the

astronauts will have to be checked out.Once this has been accomplished the

lengthy list of EVAs can begin. The first objective on the EVA schedule

would be for the astronauts to become acquainted with the Phobos

enviroment and to get a feel for working on the surface. Then, almost

immediately, the placing of a safe haven on Phobos should commence. This

safe haven would be needed in case any emergencies, such as solar flares or

mechanical failures on the TRV, or unexpected problems occurred. An exact

burial technique on a low-g body, such asPhobos, has not been worked out,

and further study in this area is needed.

IS5

I



A few possible methods are suggested for the burial of the safe

haven. One possiblity is the injection of water into the regolith.After the

water freezes, an explosive charge would then blast the frozen mass out of

the terrain.This would allieviatethe problem of soil particles "clouding"

the area about the work area , and the material loss to space would be

greatly reduced. Machines to dig out the soil have been suggested but no

coherent design has been developed One final method that has been

seriously considered is the use of the regolith stored in a crater's wall.

Placing the safe haven next to a wall and crumbling the wall onto the safe

haven would not require as much work as the other methods mentioned.

Once the astronauts are accustomed to the low-g enviroment of

Phobos, and after the safe haven has been emplaced and tested, the

extravehicular scientific experiments on the surface of Phobos could begin.

The primary aim of these scientific experiments, and planetary geophysics

in general, is to determine the structure, composition and state of a given

body and the relationship between internal processes and surface tectonic

features (Reference I).Since Phobos is probably not much more thanalarge

rock completely covered with regolith, the bulk of these scientific

experiments will probably involve regolith materials and regolith

characterization.However, the internal processes that created the many

grooves on Phobos might be better understood as a result of the geophysical

.investigations.

One of the first experiments should include the placing of scientific

packages, similar to the Apollo Lunar Scientific Experiment Packages

(ALSEP's), on the surface of Phobos. These packages would have a central

station to serve as a junction box for the cables linking all the scient_tic
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equipment with a power supply, and as a transmitter/receiver for

telemetry to and from the entire package. The Radioisotope Thermoelectric

Nuclear Generator (RTG) used with the ALSEP's could also serve as a power

supply for any packages left on Phobos. This generator provides

approximately 70 W of power for up to several years at a time. Return

missions to Phobos could replace these generators as they ran out of fuel.It

is easily conceivable that more advanced power supplies will be designed by

the time a manned mission to Mars and it moons is accomplished, but the

RTG used in the Apollo program is a good baseline power supply.Solar wind

spectrometers could be used to measure the velocity and direction of

photons, electrons, and alpha particals in the solar wind. The amounts of

solar and cosmic radiation reaching Phobos, arid the interaction of this

radiation with the surface of Phobos are critical factors in any

considerations of long-term manned operations on the moons of Mars.

Therefore, itwould be convenient ifone instrument could be incorporated to

measure the velocity and direction of the solar wind as well as the

radiation levels at the surface. Since the surface will most likely be

radioactive, a gamma ray spectrometer could be added to identify and

measure the radioactive elements. Active seismometers could be used to

monitor impacts and measure surface vibrations, free oscillations or any

tidal variations in surface tilt. "

The scientificpackages mentioned above could provide information on

the gross internal structure of Phobos and possible mapping of the

stratigraphy,a significantachievement for this firstmanned moon mission.

Unfortunately, from an exploration standpoint,the very high rate of seismic

energy dispersion that occurs in a regolith will very sharply decrease the



re:-:olution and hence the usefulness of seismic: waves in disc:erning shallow,

subsurface structures (Reference

possibly using other geophysical

Phobos.

The magnetic method for geophysical

2). This establishes the rationale for

techniques to study the composition of

mapping is commonly used on

Earth.With this technique, the detection of magnetic ores and various iron

oxides could help establish lateral changes and boundaries in the regolith

and could also give some information on the grain size distribution of

metallic iron in the regolith (Reference 3).However, since Phobos probably

has no magnetic: field of its own, an artificialmagnetic source would have

to be used. This might take the form of a large coil placed on the surface to

induce magnetization in the rocks (Refertence 4).

A better method for geophysical experiments might involve

electromagnetics. There seems to be quite a bit of interest in this area, and

improvements in this fieldcould put electromagnetics ahead of seismics as

the dominant technique for exploring near-surface features. Like the

seismic and magnetic techniques, an active capacity would be needed to

artificiallygenerate and induce fields. Some active techniques include

direct current (DC) resistivity,induced polarization (IP),conductive source

electromagnetic (EM) depth sounding, inductive source EM depth sounding and

displacement current techniques such as groundpenetrating radar (GPR) and

very low frequency (VLF) soundings (Reference 5). Several of these

techniques might be considered as preferable techniques. The IP technique,

for example, is directly related to ground water. Since it is very possible

that Phobos is similar to type I carbonaceous chondrites with

approximately 20% water, this technique could possibly be used to find
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areas of high water content or even concentrations of ice.GPR, though poor

in penetration depth, provides high resolution for near-surface features.

Overall, these electromagnetic techniques could provide information

on layering in the regolithand regoliththickness, and also on information on

the regolith-rock interface. As mentioned earlier, electromagnetic

techniques will be very useful for geophysical packages and could be used

with the seismic experiments to provide a complete geophysical description

of Phobos. These Phobos scientificpackages, whatever their make-up, will

be an important part of the scientificwork done on Phobos.

Along with the placing of scientific packages on the surface of

Phobos, another important aspect of the EVA schedule will be sample

collection. Many of the sample collecting tbols used by the Apollo

astronauts could directly be used on Phobos. Hammers, chisels and

long-handled tools such as scoops, rakes and tongs proved their value on

Earth's moon. The long-handled tools proved especially useful because they

eliminated the need to constantly bend over. Also, besides actual samples,

the astronauts could obtain photographic samples by using small hand held

cameras. Visual and photometric studies of groove and crater walls could

reveal the strata and bedding of Phobos. The information gained, in

conjuction with the information from samples taken from the Mms of

grooves and craters and from samples taken radially outward, would yield

first-order insight into the mechanics of groove formation, impact

cratering and regolithmixing (Reference 6).

Collecting subsurface samples would also be important. The value of

drilling into a planet's surface has long been recognized as part of an

exploration-exploitation strategy (Reference 7). However, drilling on



Phobos would be quite different from drilling on Earth or its moon because

of the absence of gravity. This is an area where improvement in current

technology is needed. Some sort of artificial gravity would have to be

imposed on the drill. This might be accomplished by small thrusters pushing

the drill into the surface as it spins. Cores could either be packed for Earth

examination or examined on Phobos.

This brings up the point of what kind of scientific equipment and

instruments should be included in the scientific section of the habitation

modules. The astronauts will be busy enough designing and carrying out

strategies for mapping and sample collecting that they need not be burdened

with much sophisticated study 'in situ'. The hand lens and binocular

microscope should suffice for most purposes, plus perhaps the ability to

make some thin sections and examine them under a petrographic microscope

(Reference 8). A mass spectrometer or other equipment for first-order

chemical analysis and age-dating equipment could also be included. The

above list of scientific instruments would provide a small but adequate

laboratory on Phobos. This would allow for emphasis on scientific

experiments in the areas of field observation, sample collection and initial

characterization of samples.
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3.6.2 EVA's MARTIAN MOON .SPACE SUIT

Since Phobos has no atmosphere of its own, the astronauts performing

EVA's will have to be protected from the vacuum of space with space suits.

Although there is no existing suit designed for exploring the Martian

system, there are ideas on the "drawing board".There are many complex and

important factors that contribute to the design of a space suit,especially

since the ultimate purpose of the suit is to sustain human lifein the hostile

environment of sp.ace.This section suggests a few design factors for a

space suitto be used on Phobos.

The Phobos space suit will most likely be a hard suit or semi-hard

suit. A hard suit is one that has a hard outer shell,usually made out of

metal or composite materials, as opposed to a soft fabric suit like the ones

used for the Apollo lunar EVA's.There are several reasons why a hard suit is

preferable over a soft suit.One reason is the protection against radiation

and micrometeoroids. Hard suits can provide better protection against both

of these potentiallyserious problems. The inherent nature of fabric suits

lets more radiation pass through the fibers,whereas a hard suit is a solid,

protective shield. Also, to reduce radiation problems, thermal-control

coatings that exhibit properties of low solar absorptivity and low infrared

emissivity could be applied to the hard suit (Reference I).The strength of a

hard outer shell would serve as a shield against micrometeoroids, whereas a

fabric suitcould be punctured or ripped open.

Another important reason that makes a hard suit the preferable

choice is its ability to maintain a constant volume. A constant volume is

very important because when an astronaut is-performing some task on an
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toroidal convolute

semi-hard is used

toroidal convolutes.

EVA, he will be moving all parts of his body. If a fabric suit was used, as

one part of the body bent and compressed or creased a section of the suit,

another section of the suit would "balloon" trying to keep the suit at a

constant volume. With a hard suit,no "ballooning"occurs. This is because a

hard suit would utilize joints that are true constant volume convolutes.

Circular bearing joints could be used on hard suits and rollingconvolute and

joints could be used on semi-hard suits. The term

because there are fabric sections in the rolling and

The abilityof an astronaut to move around inside the hard suit is also

an added feature that the soft suit does not possess. Itis conceivable that

the astronaut could pull his arms out of the suit'sarms and perform various

tasks inside the suit.He could also conceivablytwist or stretch in the case

of fatigue during long or strenuous EVA's. Drinking and eating inside the suit

would be possible,and pockets or bags for storage of small items or maps

could also be available to the astronaut.

Inthe late 1960's,NASA developed a prototype hard suit for long term

lunar exploration.This suit,the RX-5A (Figure 3.6.2.I),utilizeda "sandwich

structure" incorporating an inner sheet of thin aluminum faced with a

fiberglass honeycomb and covered by a layer of fiberglass (Reference 2).

This suit has an approximate weight of 90 Ibs. and was designed for an

operating pressure of 5 psid. A derivative of this suit would be a feasible

option for a Phobos space suit.

There are several features that are either needed or that would

enhance the capabilities of a hard suit. The first feature would be an

anthropomorphic design of the suit.The suit and its joints should closely



Figure 3.6.2.1 RX-5A Prototype Hard Suit  (NASA S-68-404721 
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approximate the natural body and joint movements. By design, pressurized

anthropomorphic garments require a force by the astronaut to overcome

friction inherent in mobility joints. However, a feature similar to the

Shuttle Extravehicular Mobility Unit (EMU) suit-joint neutral stability

feature would alleviate this requirement to apply a counteracting force to

maintain a desired position (Reference 3).

Also, it would be beneficial if the joints on the space suit were

easily interchangeable. This way , broken or degraded joints could be

replaced inside the habitation modules of the Transfer Reconnaissance

Vehicle (TRV). Replacement modular suit parts could be part of a general

maintenance inventory on-board the TRV.

Another key feature of the space suit would be its own portable life

support system (PLSS).This system would have to supply the breathing air,

remove and/or control the carbon dioxide and water vapor produced by the

astronaut, provide temperature control of the space suit ventilationsystem

and provide electricalpower for all the systems in the suit.Again, it would

be beneficial if the PLSS could be recharged or had easily replaceable

systems. This would enable a large number of EVA:s to be performed in a

short time span. The ventflation system would have to be capable of

removing 1500 to 2000 BTU/hr of heat. Testing has shown that a suited,

pressurized astronaut generates 500-1000 BTU/hr of heat at low work

levels and 1500-2000 BTUIhr when walking or working moderately hard

(Reference 4).Since the astronauts will be working in the coldness of space,

it has been suggested by some that maybe the metabolic heat output of an

astronaut could be used for heating instead of removing it.

The pressure inside the space suit is a topic of controversy among



many designers. The only thing that everybody agrees on is a minimum

pressure of -"1.4 kN/m 2 ,_3._.I psid). This pressure i'-_,the minimun, pressure

needed to protect an astronaut from hypoxia. Values for suggested pressures

range from the Shuttle's EMU value of 4.3 psid to 14.7 psid, or one

atmosphere. Whatev'er value is selected, it would be beneficial if the space

suit and the habitation modules worked at the same or close to the same

pressure. This would alleviate the need for prebreathing to denitrogenatethe

astronaut's blood to prevent "the bends" as he goes from a higher pressure to

a lower pressure. Again,this would save time, and more EVA's and work

inside the habitation modules could be accomplished.

Someother features might be :

• A"buddy system" attachment that would allow two

astronauts to breathe off of one suit

• A two-gas breathing system

• A small airlock on the suit that would allow the passage

of small packages containing food, medical supplies,etc.

into and out of the suit

• A secondary pressure protection system in case the

primary system fails

• Field maintainability

• Small lights on the helmet to illuminate the area in ..

front of the astronaut

• A two-way UHFcommunication system

• The suit should be easy to get into and out of, and

should be easily stowed

As mentioned earlier, there is not an existingsuit that would be
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fea_.IIlefor use on Phobos. but the above ideas and many others c:ould

possibly be .J_edin the design of a Phobos space suit.
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3.6.3 EVA's' MOBILITY

It would be advantageous if the lunar rover and EVA design from the

Apollo program could be used on Phobos, but there is almost no gravity on

Phobos, so the Apollo methods of mobility would not be feasible. Therefore,

a completely new concept on the mobility on low gravity surfaces, such as

Phobos, Deimos and the many asteroids, needs to be developed.

Three conceptual ideas for mobility units are proposed. The Ultimate

Transporter (UT), the Transportation Augmentation Mobility Unit (TAMU) and

the Phobos Vision : Automated Mobility Unit (PVAMU).The UT and TAMU are

derivatives of the Manned Maneuvering Unit (MMU) used with the Space

Shuttle. Since walking on Phobos could be a difficult task because of the

low-g environment, and it could be potentially dangerous to the astronaut if

a particularly strong step or leap sent the astronaut hundreds of meters in

any direction (straight up could conceivably put the astronaut in orbit about

Phobos), the idea of "jetting" around the surface of Phobos was developed.

The UT would be a scaled down version of the present MMUand would be

used for relatively long distance EVA's away from the Transfer

Reconnaissance Vehicle (TRV). "Saddle bags" and tool racks would be

attached to the UT to facilitate sample collection. The UT would also be

used as the primary mobility unit for long duration, local EVA's that

required any strenuous work. The TAMU would be a much smaller version of

the UT, would be much less capable and used only for short, local, menial

EVA's about the TRV.

The PVAMU(Figure 3.6.3.1) would be a remotely piloted vehicle that

could be sent to areas that might be potentially dangerous to the astronauts.
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It would move about the surface of Phobos in a hopping manner. Television

cameras and automated sample collection devices would be used to collect

samples from these dangerous areas. The PVAMU would also have large

lights on the vehicle, so it could be used as a moveable light stand for the

astronauts performing EVA's in darkness (since many EVA's on Phobos will

be in darkness or partial darkness). All of the equipment on the PVAMU

would be on telescoping mounts with 360 _'turning capabilities.

The three mobility units would allow the astronauts much freedom of

movement about the surface of Phobos.

In areas of particular interest, such as the area around the TRV or at

a scientifically interesting area, a grid system of pitons or short poles and

guide wires would be set up on the surface. The pitons would be implanted

into the surface and the guide wires would connect the pitons This type of

system would allow the astronaut to separate from either the UT or TAMU,

tether the mobility unit and hook 'em onto the grid system to carry out

scientific experiments, sample collection or any of a number of tasks. The

astronaut would have a roll-up spool of safety tether attached to his space

suit to hook 'eraonto the grid system. The spool would unwind or wind-up as

the astronaut moved about.

As mentioned in the beginning of this section, this is only a

conceptual idea on how to perform EVA's on the surface of Phobos. Further

study should be directed in this area.
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7 PHOBOS LANDING SITES

From the results of the science study of the moons, landing sites

have been selected for a manned landing on Phobos. Table 3.7.1summarizes

these locations,and a map of Phobos with the landing sites on it appears in

figure 3.7.I.The landing sites were selected on a basis of usefulness and

scientific value. The path from site to site was choosen because it

represented the minimum distance path between the four primary sites.

Site #I was selected primarily for its physical location.The first

site is where the safe haven will be buried, and landing in the inner crater

of Stickney might provide a crater wall which would facilitatethe burial

process. The depth of Stickney provides added protection from solar

radiation.Also, this site is within close proximity of several ejecta blocks

inside Stickney.This site is shown in figure 3.7.2.

Site #2 is in the area of the Stickney ejecta.This area could be either

mantled ejecta blocks or a base-surge deposit both scientifically

interesting features.This site'sclose distance to site #I will also be a

good test for the TRV's ability to transfer from site to site.This site is

shown in figure 3.7.3.

Site #3 may be the most interesting geologically.The data presented

in the science study about the grooves supplies adequate evidence for this

site. This location may provide significant clues to the origin of the

grooves. This site is shown in figure3.7.4.

Site #4 is in the area opposite of Stickney. This is where the grooves

end, and the area could represent what the entire surface of Phobos looked

like before the formation of Stickney.This site is also shown in figure 3.7..4.

The secondary sites were selected in the event that there were rr,.ore



SITE " I

SITE #2

,.II'

.ii.

(3")

_ SITE #3

E
o_

SITE #4

SITE #5

SITE #6

SITE #7
¢_)

SITE #8

Stickney Crater (inner craterlejecta blocks)

50o-60 ° W , 10°-:20° S

Stickney Ejecta

10°-20 °W, 0°N

Major Groove Concentration

0o-20 ° W, 20o-30 ° N

Antipodal of Stickney

270°-290 ° W ,0°- 10° S

Southern Ridges

2800-300 ° W ,40o-60 ° S

Hall Crater

210°-240 ° W ,600-70 ° S

Area West of Stickney

90 °-120 ° W, 20 ° N-20 ° S

Roche Crater

140 °-170 ° W , 50o-70 ° N

Table 3.7.I Phobos Landing Sites
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available days to be spent on Phobos after visiting the four primary sites.

Site #5 is along some of the ridges in the Southern hemispere. These ridges

may be outcrops of material different from the regolith.Site #6 is inside

Hall crater.Several layers of dark material has been observed in the crater

walls. Site #7 is in the area west of Stickney. This area is void of many

grooves and craters,and could represent a younger surface.Site #8 is inside

Roche crater.This is a very interestingcrater as far as surface morphology,

and it would be the closest landing site to the north pole of Phobos.
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3.8 UNMANNED DEIMOS LANDER/ROVER

An unmanned Deimos lander/rover will be an integral part of the

reconnaissance of the Martian moons. The design of a lander/rover should

provide for adequate payload capability, flexibilityof payload usage (i.e.

'in-situ'science packages or rover applications),minimum weight and the

use or modification of existing systems. The use of existing, qualified

systems and hardware, i.e.those of the Viking program, would greatly

reduce the cost and simplify the design process of the vehicle.The lander/

rover would be operated by astronauts on-board the barge orbiting Mars.

The payload on the lander would include scientific instruments and

television cameras. The scientific instruments on the lander/rover will

most likely be a minimal science package with the priority science

measurements being geochemical and gepchronological, emphasizing

elemental composition and the age of Deimos respectively.Determining the

presence of water, specifically the amount and availability, would

definitelybe a priority experiment. Like the Viking lander, a Radioisotope

Thermoelectric Generator (RTG) would be used to power the Deimos

lander/rover.Television cameras would provide high resolution pictures of

the surface of Deimos.

By adding mobility to the lander/rover, access can be gained to

virtuallyany point on the surface, making it possible to analyze both large

and small surface variations. In addition to providing access to surface

variations,mobility allows escape from landing site contamination and can

be used to follow a path that will provide maximum communication

windows.

There are several options on "the drawing boards" for the mobility of
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unmanned probes (Reference I). Some suggested mobility systems are:

boom-deployed systems, flying(or "hopper")systems and wheeled systems.

Furlable booms offer a practical means of getting short range mobility and

could be considered for a stationary lander, but this system limits

scientificdata return significantlyand can only be operated during limited

communication windows. A flying rover system has the favorable

characteristic of its ability to cross gross terrain obstacles that would

require major detours by surface-constrained systems. However, the

controllability of the vehicle and the protection of the scientific

equipment during "hops" are problems with this system. Wheeled systems

offer advantages over flyingsystems in the areas of weight, controllability

and opportunity for adaptive science. The low gravity on Deimos would

require the use of large diameter, light-weight wheels that provide enough

traction to keep the vehicle on the surface.The uncertainity involved with a

wheeled system on a low gravity surface leads us to believe that the

"hopper" system would probably be the best option,but this is an area where

a great deal of research and development should be conducted.

A sample return capability would also be a desired feature of the

lander/rover. Small canisters could be filledwith regolith or small surface

rocks and ejected, with springs or small rocket motors, towards Mars for

later rendezvous with the barge.or TRV. The entire top half of the lander

could possibly be designed for sample return, using lander separation

similar to Apollo LEM separation on the moon. This system could also be

utilized for the return of photographic film which would provide much

greater imagery resolution than could televisionsystems alone.

I
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• -f c"3.9 DEIrIL_,LANDING SITES

Due to a lack of photo imagery on Deimos from the Mariner and Viking

missions, it is not possible to go into as much depth on landing sites on

Deimos as was done with Phobos. However, the scientificallyinteresting

areas mentioned in Section 3.2 would be a logicalplace to start.



4.0 MANAGEMENTSTATUS

To accomplish our project objectives, the TSS design team was

divided into two technical groups, one management group, and a project

manager, as depicted in Figure 4.1. The Ascent/Descent Group was

responsible for developing preliminary designs fo.r a two stage

ascent/descent vehicle. The Mars Moon Reconnaissance Group was

responsible for developing a reconnaissance mission to the Martion moons.

The management group was composed of the technical directors of the two

technical groups, and was responsible for assigning tasks, developing

timelines, tracking progress, and supporting the project manager. The

project manager was responsible for coordinating the efforts of the two

technical groups and overseeing the entire design project. Program

timelines and PERT/CPMcharts leading to this report are shown in Figures

4.2-4.9. The time schedule was followed very well, however, the

ascent/descent group was unable to complete the attitude control system

analysis and the interior configuration of the vehicle, except for

rudimentary placing of the tanks. Figure 4.10 depicts pie charts showing

the percentage of hours that each group has worked and the percentage of

personnel cost for each group. Figure 4.11 contains graphs showing the

weekly proposed and actual manhours and costs.
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4.I RECOMMENDATIONS

During this contract period, Tss has considered both a two-stage

ascent/descent vehicle and a reconnaissance mission to the two Martian

moons. Work on the ascent/descent vehicle was based on developing worst

case scenarios to prebuild a safety factor into the final chosen

configuration. Moon reconnaissance work centered on developing an overall

mission scenario which included trajectory analysis, system configuration,

and EVA scenario development. Inour estimation, we feel that overall,the

final work done by both groups is well founded. The descent and ascent

analysis are both strong in their use of worst case 3c_r,_riosfor vehicle

sizing. The main propulsion system sizing is also strong, particularly in its

implementation of the parabolic approximation of a bell shaped nozzle. The

moon reconnaissance EVA scenarios developed are very thorough and have

been well laid out. In alike manner, the trajectory analysis has also been

well developed. The hardware systems proposed are very flexible in their

expandibilityand possible future uses. Though the TRV seems rather large

for its mission to the moon Phobos, it must be remembered that the intent

of the vehicle is not meerly to serve as a Phobos exploration vehicle, but

also as a prototype asteroid exploration and mining vehicle. With the

possible future use of the Martian system as a stepping stone to the

asteroids and their natural resources, this is a logical, and farsighted

suggestion.

However, there are some weaknesses and some areas which need

further development. In the development on the mass and volume

requirements of the ascent/descent vehicle, there is some question as to

the validityof final requirements during descent, in our opinion, the fuel
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requi_.,,=s,,,se=_,.-,a u,_ on t,i_. io,_,.side for thisvehicle. Although the

vehicle does develop a large drag force on re-entry, this should not cut down

c- " -I i,
or:the fuel needed as dra.,tlc_,l_as it appears to in this analysis. In the

J__. ,......_ be desirable to rerun the Runge-Kutta integratorascent anal,_._.1.,,it ,,,_,_,I_

ith real _. _^,...........4..._,,.,,. _̂-v, _ . ..programw masses, (3_, U_Lt_lllSlll_U I'71_.II LII_ IP.,! .... ¢¢ "¢
.,I_III_ . _.._II _i iUI L

should also be made to include in this model the effect of a rotating and

spherical Mars. Also work should be done in stability studies, attitude

control system development, and descent trajectory analysis to include the

ability of greater plane change capability. This would enable the

development of a delta-v budget to evaluate the pros and cons of altering

the parking orbit inclination. This delta-v budget should be developed in

conjunction with moon reconnaissance trajectory analysis. Also in the are_

of the moon reconnaissance group trajectory analysis, future work should

include the development of proximity operations using the CW equations.

Time constraints prevented the detailed development of TRV propulsion

systems, both main and attitude,and this should also be explored in the

future. A logicalarea of future work would be to extend the TRV technology

for use in an asteroid explorationvehicle,as mentioned previously.
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5.0 COST STATUS

5.I PERSONNEL COST

I

I

Pay scales were provided in the Request for Proposal as follows:

Engineers, $15.00/hr; technical directors, $22.00/hr; and project manager,

$,.5.00_hr. Table 5.1 1 below compares the proposed and actual personnel

costs.

I

I

I

Table 5.1.1:EstimatedManhour Costs

Estimated weekly breakdown:

I project manager @ $25/hr, 16 hrs:

2 technical directors @ $22/hr, 16 hrs:

7 engineers @ $15/hr, 12 hrs:

total weekly personnel cost estimate:

400.00

704.00

I .o6nnn

$ 2,364.00

Projected cost for 10 weeks:

plus 5th week total-

SUBTOTAL:

$ 23,640.00

6,090. O0

$ 29,730.00

plus 10% error estimate

TOTAL ESTIMATE

Actual costs

$ 2,Q73.00

$ 32,703.00

Insection 4.0,a graph appeared depicting the actual costs compared

to the projected costs. The actual manhour cost was $22,901.75,

substantual!y less than predicted.
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5.2 MATERrAL AND HARDWARE COST

The material and hardware cost estimates were based on expenses of

previous design groups. Government furnished equipment (GFE) consisted of

computer hardware, software, and mainframe time. A comparison of

anticipated and actual costs follows in the table below.

Table 5.2.I COMPARISON OF ANTICIPATED AND ACTUAL HARDWARE COSTS

PROPOSED ACTUAL

* Rental of Macintosh and peripherals: $ 1,200

* Rental of IBM PC-XT and peripherals: 2,780

software: 50

CDC computer mainframe time: 100

photocopies @ $O.051each: 70

transparencies @ $0.701each: 60

Purchase of Macintosh Plus/software --

miscellaneous su_..,plies 35

SUBTOTAL $

plus 10% estimated error

TOTAL $

4,295

429.5

$ 1,200

2,780

22

2O

127.3

6O.9

1,700

10

5,920.2

4,724.5 5,920.2

Macintosh and IBM PC-XT rentalrates based on current computer

dealer rates.

I



5.3 TOTAL COST

personnel cost:

material and hardware cost

GRAND TOTAL:

PROPOSED

$ 32,703.00

4,724.5

$ 37,427.5

ACTUAL

$ 22,901.75

"95_,9,_0.20

$ 28,821.95
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Program Volume Calculates Phy,=.icalcharacteristics of ship

St Input Home Output Unit
D 154. 78565 M
B -414.9534 M

E 161.5 M

A 2.6808257 M
C 162.5 M

H1 6.7143492 M
L 1 H2 M

1800 UI M*3
18 R M

U3 509.46161 M_3

L Htot ?. ? 143492 M
U to t 2309.4616 M*3

100 Vase M* 3
L Rasc 2.598449 M

16 RI M

S Rule

• D=-B/R
• E-D=H 1
• C-E=H2

• * UI=PI ()*Rl*2*H1/3
• E*2+(R*E+B)_2=-C*2
• R*E+B=R

• R=R/H 1
• U3=PI ( )*(2*C'3-3*C*2*E+E*3)/3
• Htot=H 1+H2

• Utot=U 1+U3
• Uasc=Pi ( )*(Htot-3 )*Rasc*2

Comment

Calculation constant

Calculation constant

Calculation constant

Aspect ration
Radius of curuature for shie

Height of upper module
Height of lower module
U/ upper module
Radius of module

U/ lower module, circle of c
-- Kyle's radius=IBM
Total height of vehicle
Total volume of vehicle
Total volume of ascentvehicl
Radius of R,scent vehicle

Radius of upper module
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_ CurYa_ure for

i Shield

I .,,,II.--,.-..--H1 _ _ I,.12

I The ob_=¢_of reyo_Jt_rl, usin9 a spherical shield
Aslx_t ratio = Radius/HI
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DODVTK! Solver Progl-am

Variab!e Sheet

Input Name _ tI_Jt LInit
42828 mu

r g545

ssgs Rp
Ro g545

6720 a

e .4_3b_6g
et .515

ft 153.561EN deg
Ut I.'6898602 KI Is

Ui I.611_o682 kmls

glamat -23.0505 deg

_mai -2.34E- 16 deg
ftc 206.4L'_06 deg

L Del tar 180.59345 m/_
Rat 10605 km

*** rad i,_m-of

_g5 Rpt km
34g5 re km

fe 23.6,'_ 15 deg
L Ve 4233.1113 m/s

L _dg_mo -6. 072074 deg

L 6500 at km

L 180 f deg
L gamoe 7. 7944227 deg

km'3is^2
km

km
km

km

Camden t

Gray. Par._ter of plaret
Rodius at burn

Of parking orbit

Of parking orbit

Of I;_.'king orbit
Of parking_ orbit
Of trc=nsf_" orb i t

True anomaly of tr_w_sfer orbit

Velocity after bur_n
l_locity before burn
FI igl_t path ingle after burn
Initial flight path angle at burn
Corrected true ew_oeal,=l after burn
De I toy o f burn

Rpoaps i _ of tr_ns I _ ..b !t
Mars is 33_J5 kin***

Perigee of tr-or,sfer or-bit
Radius at atmc_ entry

True anomaly at atmos entry.

Uelocity at atmos entry

CI-_:_r_e_in flight path angle at
dece'bit burn.

Of trorKsfer, orbit

Of parking, or.bit
flight path angle at entry

Rule Sheet
Rule

r = a*(l-e"2)/(1+e*cos(t'))

Ui -- sqrt(mu*(2tr--1/a))
tcHKgcm, ai ) : e*sir, r.f)/(l+e*cos(f))
Rat = 2 *at - Rpt

et = (Rat-Rpt>/(2*at>

r = at*(1-et'2)/(1+et*cos(ft))

Ut = sqrt(mu*(21r-11at))

tan(_mat) = et*sin(ftc)/(1+et*cos(ftc))
ftc : 2+pi() - ft

Deltov = sqrt (Ui'2 + Ut'2 - 2*Ui*Ut*cos(gca_t-go_oi ))
Ro = 2_o - Rp
e = (Ro-Rp)/(2*o)
Ve = sqrt(mu*(2/re-l/at>)
re = at*(1-et'2)l(t+et*cos(fe))

cigama=gama t-gama i
tan ( gamae ) : e t*s in ( fe ) / ( l+e t'cos ( fe ) )
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PROGRAM MARSDES(TTY,OUTPUT,DATA,TP,TAPE3=OUTPUT,TAPES-TTY,

+TAPES-TTY,TAPE7-TP,TAPES-DATA)
ooooommooDoemQmooememooooooQQDemomoooDmmoQm@mmommooooQoeQemooeomoo

C THIS IS THE MAIN PROGRAM OF THE MARS VEHICLE DESCENT SIMULATION
C WRITTEN BY PRESTON CARTER. MODIFICATIONS AND ADDITIONS TO THE
C SIMULATION WERE WRITTEN BY KYLE FIELDS AND MICHAEL ERGER. THESE
C ADDITIONS AND MODIFICATIONS INCLUDE THE PROPULSIVE DECELERATION

C PHASE, AEROHEATING ROUTINE, AND G-LOADING INFORMATION.
C THE CALCULATION UNITS OF THIS PROGRAM ARE METERS, KILOGRAMS,
C AND SECONDS.
QomooomooomooQoQDmDQmmooQmmomooooQoQooooooQoomooDoomQooeeooooeom_

COMMON/RO/RO
COMMONIRHOO/RHO0

COMMON/HMAX/HMAX
COMMON/E/E
COMMON/BALLCL/BALLCL
COMMON/BALLCD/BALLCD
COMMON/G/G
COMMON /AMO/AMO
COMMON/HEQUIL/HEQUIL
COMMON RB

COMMON /PROPIFFR,DM,PALT,THRUST
COMMONITEMPITEMP

C°__°_°_ NECESSARY CHANGE _°_''°_°'_
COMMON/ROLL/ROLL

C

DIMENSION X(7),DX(7)

DIMENSION TEMP(IO1),PREBS(101)
REAL LD

CALL TPDATA(TEMP,PRESS)
C

WRITE(B,_)'TEMP',TEMP(1),TEMP(IOO),TEMP(SS)

ROLL - 0.0
DX(_)-O.O

GMAX-O.O
TWMAX-O.O

G - 3.730

RO - 3397500.0
RHOO - 1.56E-2

C HMAX'S UNIT IS KILOMETERS INSTEAD OF METERS.

HMAX - 100.0
DT - 1.0

C PRINT OPENING STATEMENTS _

CALL HOLA

WRITECB,_)'RADIUS OF VEHICLE CM)?'
READ(S,_)RB
WRITE(B,_)'MASS OF UEHICLE CKG)?'

READ(S, _) AMO
WRITE(B,=)'LIFT COEFFICIENT ?'
READ(S,')CL
BALLCL=AMO/(CL_3.1_lS92SS_RB'RB)

WRITE(B,O)'L/D ?'

READ(S,_)LD
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BALLCO - BALLCL=LD

WRITE(6,=)'INITIAL HEISHT IS 100 KM'
H-IO0000.O

X(3) - H + RO
WRITE(B,=)'INITIRL U (M/SEC)?'
READCS,m)X(_)
WRITE(B,e)'INITIAL FLIOHT PATH ANBLE (DES)?'
READ(5,=)ANSLE
X(5) " 0.017_53 e ANBLE
WRITE(B,e)'PULLOUT ALTITUDE (M)?'
RERD(S,e)HEQUIL
WRITE(S,m)'EMMISIUITY OF ABLATIUE SURFACE?'
READCS,m)E
WRITE(S,°)'OUTPUT TAPE NUMBER?'
WRITE(6,o)'USE TAPE 6 FOR TTY OUTPUT'
WRITE(6,*)'USE TAPE S FOR OUTPUT DIRECTED TO FILE CALLED OAT

WRITE(S,*)'OUTPUT TAPE NUMBER?'

READ(S,=)IUNIT
C'*PROPULSIDN INFD'

WRITE(S,=)'INITIAL PROPULSIUE DECELERATION ALTITUDE (KM)?'
READ(S,=)PALT
PALT-PALT=IO00.O

IF(PALT .EQ. O.O)SO TO 333

WRITE(B,*)'FUEL MASS FLOW RATE (KS/S)?'
READ(S,*)FFR

WRITE(B,*)'ENGINE THRUST (N)?'
READ(5,=)THRUST

333 CONTINUE
C .... m_

DX(7)-O.O

X(1) - 0.0
DX(_)-O.O

X(2) - O.O

X(B) - O.O
X(7) - AMO
TMAX - SOO0.O
TERMH - O.O
WRITE(6,e)'UPPER TRAJECTORY OUTPUT INTERUAL (S)'
READ(S,O)NSTEPS
WRITE(6,e)'SlMULATION IN PROBRESS...'
TIME - O.O

WRITE(IUNIT,°) ' >>> MARS DESCENT SIPTLPL_TION <<< '

WRITE(IUNIT,=), ,

WRITE(IUNIT,*)' DESCENT PROFILE '
WRITE(IUNIT,O), ,

WRITE(IUNIT,=)'M/(CL'S) (KS/M°*2) - ',BALLCL
WRITE(IUNIT,=)'INITIAL MASS (KS) - ',AMO

WRITE(IUNIT,e)'COEFFICIENT OF LIFT - ',CL

WRITE(IUNIT,°)'RADIUS OF UEHICLE (M) -',RB
WRITE(IUNIT,=)'L/D " ',LD

WRITE(IUNIT,=)'H (M) - ',H
WRITE(IUNIT,')'U (M/SEE) - ',X(_)

WRITE(IUNIT,')'BAMA (DEB)- ',ANBLE

WRITE(IUNIT,')'THRUST (N) - ',THRUST

WRITE(IUNIT,=)'INITIAL PROP. DEC. ALT. (KM) - ',PALT/IO00.O

WRITE(IUNIT,°)'FUEL FLOW RATE (KS/S) - ',FFR

2_



X

WRITE(IUNIT,O), ,
CALL OUTPUT(TIME,X,DX,TW, IUNIT)
H - X(3) - RO

o***oo.mo.o** ..... LOOP FOR DESCENT BEGINS ..... momm*****mm**
200 IF((TI_E.LT.TMAX).AND.(H.GT.TERMH).ANO.X(_).GT.O.O)THEN

IF(X(3)-RO .LE. PALT+7OOO.)NSTEPS-S

IF(X(3)-RO .LE. PALT+2OOO.)NSTEPS-1
IF(X(3)-RO .LE. IO0.)NSTEPS'I
IF(X(3)-RO .LE. IO0.)DT-.2S

DO 300 I-1,NSTEPS

CALL RK(X,DX,DT,7)
TIME " TIME + DT

IF(DX(_) .LT. GMAX)GMAX'DX(_)

300 CONTINUE

CALL DUTPUT(TIME,X,DX,TW,IUNIT)
IF(TW .ST. TWMAX)TWMAX'TW

H - X(3) - RO

ELSE
GMAX=GMAX/S.81

WRITE(S,O), ,

WRITE(B,')'TERMINATION TIME " ',TIME

WRITE(B,')'TERMINATION ALTITUDE - ',H

WRITE(G,')'MAXIMIMUM B-EARTH AOCELERATIDN=',GMAX
WRITE(B,')'MAXIMIMUM STAGNATION TEMPERATURE (K)-',TWMAX

WRITE(B,')'MASS OF FUEL USED (KS) = ',AMO-X(7)

WRITE(B,o), ,
IF(IUNIT .EQ. B)GD TO _

WRITE(IUNIT,=), ,

WRITE(IUNIT,=) ' FINAL AND MAXIMUM UALUES '

WRITE(IUNIT,')'TERMINATION TIME " ',TIME

WRITE(IUNIT,*)'TERMINATION ALTITUDE " ',H

WRITE(IUNIT,')'MAXIMIMUM G-EARTH ACCELERATION-',GMAX
WRITE(IUNIT,*)'MAXIMIMUM STAGNATION TEMPERATURE (K)-',TWMA

WRITE(IUNIT,°)'MASS OF FUEL USED (KS) " ',AMO-X(7)
WRITE(IUNIT,O), ,

C ''**'**'='*'*m*''* CHANGE TO PRINT FINAL UALUES TO SCREEN "*
_ CALL OUTPUT(TIME,X,DX,TW,B)

GO TO _S9
ENOIF
SO TO 200 "

**o**=...****. ...... LOOP FOR DESCENT ENDS m...****=
C
99S CONTINUE

STOP
END

COmDOOOOODQmOQQOOOODOQOOOOOQmODOOmQOOOOOOmmOOmO=_O_=_

SUBROUTINE OUTPUT(TIME,X,DX,TW, IUNIT)

C THIS IS AN OUTPUT ROUTINE FOR PRINTING AN EPHEMEROUS
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C

C
C

C

OF THE DESCENT TRAJECTORY.
COMMON/RO/RO
COMMON/ROLL/ROLL

COMMON/PROP/FFR,DM,PALT,THRUST
COMMON/RHOO/RHO0

DIMENSION X(7),DX(7)
RADDEG " $7.29S78

THETA - ROLL°RADDEB
ORS " X(1)/1OO0.O
CRB" X(2)/1000.0
H - (X(3) - RO)/1000.O
U - X(_)

8FDRCE-DX(_)/B.B1
GAMA " X(S)*RADDEG

AZE - X(S)=RADDEG

°=THE AEROHEATING SUBROUTINE FRY IS CALLED FOR THE CURRENT
VALUE OF STAGNATION TEMPERATURE IN DEGREES Kee

RHOF-DENS(X(3))

IF(H.LE.I.0 .OR. U.LE.I.0)RHOF--SSSS.O
CALL FRY(X,RHOF,TW)
WRITE(IUNIT,*)' '
WRITE(IUNIT,e)'TIME (SEC) - ',TIME,' ROLL (DEG)- ',THETA
IF(D×(7) .NE. O.O)THEN

WRITE(IUNIT,=)'PROPULSION SYSTEMS ARE ON'

WRITE(IUNIT,=)'MASS OF VEHICLE (KS) - ',X(7)
ELSE

WRITE(IUNIT,*)'PROPULSION SYSTEMS ARE OFF'
ENDIF

WRITE(IUNIT,*)'X DOWNRANGE (KM) = ',ORB

WRITE(IUNIT,m)'Y CROSSRANGE (KM) -',CRB

WRITE(IUNIT,=)'H ALTITUDE (KM) - ',H

WRITE(IUNIT,-)'V VELOCITY (M/SEC) - ',V
WRITE(IUNIT,O)'GAMA FLT. PATH ANGLE (DES) - ',GAMA
WRITE(IUNIT,=)'AZE (DES) - ',AZE
WRITE(IUNIT,e)'ACCELERATION (G-EARTH) -',GFORCE
WRITE(IUNIT,°)'STAGNATION TEMP (K) -',TW

RETURN
END

C THIS IS A RUNSE- KUTTA 5TH ORDER INTEGRATOR. THIS
C ROUTINE EXPECTS THE SUBROUTINE 'DERIV' TO BE SUPPLIED
C BY THE USER.
C

C
REAL X(7),U(7),F(7),D(7),DX(7)

CALL DERIV(X,D)
DO 1 I - 1,N

2c)cl



C

D(I) - D(I)mDT

1U(1) - X(1) + O.SmD(I)

CALL DERIV(U,F)

DO _ I " 1,N
F(1) " F(I)*DT

D(1) " D(1) + 2.0"F(I)
2 U(I) " X(I) + O.S*F(I)

CALL DERIUCU,F)

DO 3 1 - I,N
F(1) " F(1)=OT

O(1) " D(I) + 2.0*F(1)
3 U(1) " X(1) + F(1)

CALL DERIU(U,F)

DO 5 I " 1,N
X(1) " X(1) + (O(1) + F(1)mDT)/S.O

DX(5)'D(5)

DX(7)'D(7)
RETURN

END

C

C

C

C

C
C
C
C

C

COMMON/BALLCL/BALLCL
COM_ON/BALLCD/BALLCO
COMMON/G/G
COMMON/RO/RO
COMMONIAMO/AMO

COMMON /PROP/FFR,DM,PALT,THRUST
COMMON/ROLL/ROLL

DIMENSION X(7),DX(7)

Q - 0.5mDENSCXC3))_X(5)**_
HOOT - X(5)mSIN(X(S))

---DX(7) IS THE _ASS FUEL FLOW RATE---

---X(7) IS THE MASS OF THE VEHICLE-'--

IF(X(3)-RO .LE.PALT.AND.X(5).GT.30.O.AND.X(3)-RO.GT.50.)THEN
DX(7)--FFR
PTHRUST-THRUST/X(7)

ELSE
DX(7)-O.O
PTHRUST-O.O
ENDIF

CALL C_ROLL(X(7),X(3),X(5),X(S),HDOT,Q,ROLL)
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C

DX(1) " XC_)eCOSCX(S))oC0SCX(S))
OXC2) " XC_)mSINCXCB))oC0S(XCS))
DX(3) - HOOT
OX(_) - -Q/CBALLCOmX(7)/AMO) + GoSINCX(5)) - PTHRUST
DXCS) - Q/CBALLCLOX(7)/AMO) / XC_)eCOSCROLL) - G/XC_)oCOSCX(

& + XC_)/X(3) ° COSCX(S))

DXCS) " Q/CBALLCLOXC7)/AMO)/X(_)/COS(X(S))oSIN(ROLL)

RETURN
END

CQOOOBOOOOOeOOOOOOODOQOOOOOOOmOOOOOOOOOOmmDOOOOOOO000

Cmoomemomoom_momD_omQoooom_ooo0mmemoe____

FUNCTION DENS(R)

C___________

C THIS SUBROUTINE CONTAINS AN ANALYTICAL HOOEL OF THE
C _ARTIAN ATMOSPHERE. THIS _DDEL WAS DEVELOPED AT JPL
C FRO_ A BEST FIT OF THE UIKINB I & II FLIGHT DATA.
C

C

COMMON/RHOO/RHOO
COMMON/HMAX/HMAX
COMMONIRO/RO

H - (R - RO)/IO00.O
IF (H.EQ.O.O) THEN

DENS - RHO0

ELSE IF ((H.GT.O.O).AND.(H.LE.SO)) THEN
DENS - RHOO_EXP(-(-O.S31_+O.lOB3-H+_.lBB/H))

ELSE IF ((H.GT.SO.O).ANO.(H.LE.H_AX)) THEN

DENS - RHOO_EXP(-(-_.BBI+O.13SB_H+5_.SS/H))
ELSE IF (H.GT.H_AX) THEN

DENS - 0.0
ENDIF
RETURN
END

SUBROUTINE CMROLL(_,R,U,AZE,HDOT,Q,ROLL)

C THIS SUBROUTINE CONTROLLS THE ROLL OF THE VEHICLE
C DURING DESCENT. FOR THIS SIMULATION, THE VEHICLE'S
C LIFT IS _OOULATEO BY THE VEHICLE'S BANK ANGLE. THIS
C SIMULATION HAS ASSU_EO CONSTANT L/D, AND
C ANGLE OF ATTACK. THIS SUBROUTINE I_PLE_ENTS ALL OF

C DESCENT TRAJECTORY PROFILE REQUIREMENTS. SPECIFICALLY,
THIS ROUTINE CONTROLLS THE VEHICLE'S RATE OF DESCENT

C AD FLIGHT AZIMUTH ACCORDING TO OUR SPECIFICATIONS.
C



C

C

C

COMMONIBALLCLIBALLEL
COMMON/GIG

COMMONIRO/RO

CDMMON/HEQUIL/HEQUIL
COMMONIAMO/AMO

H = R - RO
IF(RDLL.EQ.O.O) THEN

SGN = 1.0

ELSE

SGN = ROLL/ABS(ROLL)
ENDIF

IF (Q.EQ.O.O) THEN

ROLL - 0.0

ELSEIF((H.LT.HEQUIL).AND.(HDDT.LT.O.O))THEN
ROLL - 0.0

ELSEIF(H.GT.HEQUIL) THEN

ROLL - ACOS(O.O)
ELSE

COSEOG - ABSCG*CBALLCL'W/AMD)/Q'(I.O - Vm'2/CGmR)))
IF(COSEQG.GT.I.O) THEN

ROLL = ACOS(O.O)
ELSE

ROLL " ACOS(COSEQG)
ENDIF

ENDIF

IF(AZE.GT.I.S707S) THEN

ROLL " -I.OeRDLL_SGN
ENDIF

RETURN

END

CQooooeooooooooomoooomooooooooooomoooooQQmoomoooooomo

CmmmemmmoQmmmmmm_ommmmmemDQ_oooDeooeo_momDomQQQQoeoQo

SUBROUTINE FRY(X,RHDF,TW)

C THIS IS THE AEROHEATING SUBROUTINE WHICH USES AN EQUATION
C FOR CONVECTIVE HEATING TO CALCULATE THE STAGNATION TEMPERATURE

C THE EQUATION IS FROM CORNING'S AEROSPACE VEHICLE DESIGN.

C IT IS ASSUMED THAT RADIATIVE HEATING EFFECTS WILL BE NEGLIGIBLE
C SINCE THE VEHICLE WILL BE FLYING MUCH SLOWER THAN 10000 M/S
C

COMMON RB

COMMON/RD/RD

COMMON/E/E

COMMONIRHOD/RHDO

COMMONITEMP/TEMP
DIMENSION TEMP(IOI)

DIMENSION X(7)

I

I
I

I
I

I
I

I

I
I
I

I
I
I

I

I
I
I



I
_r-vr_r_Mj.. L._._vr.r_=zu_= _r_r.. ,_r., r.._=Hr_ =ll'JL.r- r..WUHIIUN U'_k.5 ];I-IF
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Cme'" ARCHAIC SYSTEM OF UNITS.

IF(RHOF .EQ. -SSBB.O)THEN
TW-O.O

GO TO SS5
ENDIF

RBF'RB'3.280B
UC-lOS31.S

SBK-._BE-12
ONE'17600./SQRT(RBF)

TWO'SQRT(RHOF/RHO0)

THREE'(X(_)/UC)''3.2S

TW_'ONEmTWO'THREE/(SBKmE)
TW_'ABS(TW_)

TW-SQRT(SQRT(TW_))

C'''" TW IS CONVERTED FROM RANKINE TO KELVIN
TW-TW/1.8

SSS CONTINUE
IH-INT((X(3)-RO)/IO00.)

IF(IH .LT. 1)IH-I
TT-TEMP(IH)

TW-TW+TT

RETURN
END

C

SUBROUTINE HOLA

WRITE(B,m), ,

WRITE(B,m), ,

WRITE(B,=) ' >>>> MARS DESCENT SIMULATION <<(< '
WRITE(B,')' '

WRITE(B,')'THIS PROGRAM INCORPORATES AERODYNAMIC DRAG'

WRITE(B,')'FOR BRAKING IN THE UPPER ATMOSPHERE AND
WRITE(B,')'PROPULSIUE DECELERATION FOR THE FINAL LANDING'

WRITE(B,-)'PHASE. IT IS SUGGESTED THAT THE PROPULSIVE'

WRITE(B,m)'PHASE OF THE PROGRAM BE TURNED OFF FOR'

WRITE(B,')'INITIAL ANALYSES TO OBTAIN AERODYNAMIC '

WRITE(B,')'ENTRY DATA. THIS IS PERFORMED BY SETTING THE'
WRITE(S,')'INITIAL PROPULSIVE ALTITUDE EQUAL TO ZERO. '

WRITE(B,')'NOTE THAT THE PROPULSION SYSTEM WILL '

WRITE(B,')'AUTOMATICALLY SHUT OFF AT AN ALTITUDE OF '

I

I

I

I



5))

C

DXCI) - XC_)mCOSCXCS))mCOS(X(5))

DX(2) - XC_)eSINCXC6))mCOS(X(5))

DX(3) = HOOT
DX(_) = -Q/CBALLCDmXf7)/AMO) ÷ GmSINfX(5)) - PTHRUST

DX(S) = Q/CBALLCL'X(7)/AMO) / Xf_)'COS(ROLL) - B/X(_)mCOS(X(

& + Xf_)/X(3) o COS(X(5))
DX(6) " Q/CBALLCLmX(7)/AMO)/X(_)/COSfX(S))mSIN(ROLL)

RETURN
END

COoooooooooo_ooooooooooooooooooooooommoomoooooooooomo

Co_mmooo_ommomm_mmmmmQooQQooooomooooo_oo_oo_oo_o

FUNCTION DENS(R)
C00000_0000mOOOQmQOQDOOQOQODOOODOOOOOOOOOmQmmmm__

C THIS SUBROUTINE CONTAINS AN ANALYTICAL MODEL OF THE

C MARTIAN ATMOSPHERE. THIS MODEL WAS DEVELOPED AT JPL
C FROM A BEST FIT OF THE VIKING I & II FLIGHT DATA.
C

C

COMMDNIRHOO/RHOO

COMMONIHMAX/HMAX
COMMON/RO/RO

H - (R - RO)/IO00.O
IF (H.EQ.O.O) THEN

DENS - RHDD

ELSE IF ((H.GT,O.O).AND.(H.LE.50)) THEN

DENS - RHDD'EXP(-(-O.S31_+O.1083"H+2.1BB/H))
ELSE IF ((H.GT.SO.O).AND.(H.LE.HMAX)) THEN

DENS - RHDD'EXP(-(-2.BBl+O.13SB'H+_B.S5/H))
ELSE IF (H.BT.HMAX) THEN

DENS = 0.0
ENOIF

RETURN
END

C THIS SUBROUTINE CONTROLLS THE ROLL OF THE VEHICLE

C DURING DESCENT. FOR THIS SIMULATION, THE VEHICLE'S
C LIFT IS MODULATED BY THE UEHICLE'S BANK ANGLE. THIS

C SIMULATION HAS ASSUMED CONSTANT L/D, AND
C ANGLE OF ATTACK. THIS SUBROUTINE IMPLEMENTS ALL OF

C DESCENT TRAJECTORY PROFILE REQUIREMENTS. SPECIFICALLY,
C THIS ROUTINE CONTROLLS THE UEHICLE'S RATE OF DESCENT

C AD FLIGHT AZIMUTH ACCORDING TO OUR SPECIFICATIONS.
C

C NOTE: THE BALLISTIC CL.NUMBER IS NO LONGER CONSTANT
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C

C

C

C0MMON/BALLCL/BALLCL
COMMON/G/G
COMMON/R0/R0
COMMON/HEQUIL/HEQUIL

COMMON/AMO/AMO

H - R - RO

IF(ROLL.EQ.O.O) THEN

SON - 1.0
ELSE

SON - ROLL/ABS(ROLL)
ENOIF

IF (Q.EQ.O.O) THEN
ROLL = O.O

ELSEIF((H.LT.HEQUIL).AND.(HDOT.LT.O.O))THEN
ROLL - 0.0 "

ELSEIF(H.GT.HEQUIL) THEN

ROLL - ACOS(O.O)
ELSE

COSEQS n ABSCO. CBALLCLOW/AMO)/Q=(1.0 _ V..2/CGOR)))
IF(COSEQG.GT.I.0) THEN

ROLL " ACOS(O.O)
ELSE

ROLL - ACOS(COSEQG)
ENDIF

ENOIF
IF(AZE.GT.1.S707S) THEN

ROLL " -1.0eROLLmSGN
ENDIF

RETURN
END

CDOOommooooommoooooommoooooooomoQoQoDeoeoomDOoomDoooo

CmmOmmoQQQolmQoDmmommgomDmmmQQmDooQDDomQoQmoommDooooD

SUBROUTINE FRY(X,RHOF,TW)
COOOOOmOOOOQQQDQDQOQmDmODOmQ____O__O

C THIS IS THE AEROHEATING SUBROUTINE WHICH USES AN EQUATION

C FOR CONVECTIVE HEATING TO CALCULATE THE STAGNATION TEMPERATURE
C THE EQUATION IS FROM CORNING'S AEROSPACE VEHICLE DESIGN.
C IT IS ASSUMED THAT RADIATIVE HEATING EFFECTS WILL BE NEGLIGIBLE
C SINCE THE VEHICLE WILL BE FLYING MUCH SLOWER THAN 10000 M/S
C

COMMON RB

COMMON/RO/RO
COMMON/E/E

COMMON/RHOO/RHO0
COMMON/TEMP/TEMP
DIMENSION TEMP(101)
DIMENSION X(7)

C_=*= SEVERAL CONVERSIONS ARE NECESSARY SINCE EQUATION USES THE



I

C *mo* ARCHAIC SYSTEM OF UNITS.

IF(RHOF .EQ. -SSS8.O)THEN
TW-O.O

GO TO 555
ENDIF

RBF'RB*3.280B
UC'lOB31.S
SBK'._BE-12
ONE'17600./SQRT(RBF)
TWO'SQRT(RHOF/RHOO)
THREE'(X(5)/UC)mm3.2S

TWS"ONE*TWO*THREE/CSBK*E)
TWS-ABSCTW_)
TW-SQRT(SQRT(TW_))

C "mom TW IS CONVERTED FROM RANKINE TO KELUIN
TW'TW/1.B

SSS CONTINUE

IH-INT(CXC3)-RO)/IO00.)

IF(IH .LT. I)IH-1
TT=TEMP(IH)

TW-TW+TT
RETURN

END
C

C

SUBROUTINE HOLA

WRITE(6 *) '

WRITE(6 "3 '

WRITE(6 ") >>>> MARS DESCENT SIMULATION <<<< '
WRITE(S m) ,

WRITE(S "3 THIS PROGRAM INCORPORATES AERODYNAMIC DRAG'

WRITE(S m) FOR BRAKING IN THE UPPER ATMOSPHERE AND
WRITE(6 *3 PROPULSIUE DECELERATION FOR THE FINAL LANDING'
WRITE(S m)'PHASE. IT IS SUGGESTED THAT THE PROPULSIUE'
WRITE(6*)'PHASE OF THE PROGRAM BE TURNED OFF FOR'
WRITE(6 *)'INITIAL ANALYSES TO OBTAIN AERODYNAMIC '
WRITE(6 *)'ENTRY DATA. THIS IS PERFORMED BY SETTING THE'
WRITE(6 *)'INITIAL PROPULSIVE ALTITUDE EQUAL TO ZERO. '
WRITE(6 *)'NOTE THAT THE PROPULSION SYSTEM WILL '

WRITE(S,*)'AUTOMATICALLY SHUT OFF AT AN ALTITUDE OF '
WRITE(S,*)'50 METERS AND A VELOCITY OF 30 METERS/SECOND.'

WRITE(6,*)'ALSO NOTE THAT THE OUTPUT INTERUAL WILL '
WRITECS,*)'BE RESET AS THE UEHICLE ENTERS THE PROPULSIUE'
WRITE(B,*)'PHASE OF THE DESCENT. '
WRITE(B,*)' '
WRITE(S,*)' '
RETURN
END

SUBROUTINE TPDATACTEMP,PRESS)
C-**-**-****o***-**m***m*********.***.***......**o....**.**....om

C emREAD5 TEMPERATURE AND PRESSURE DATA INTO THE TWO ARRAYS""
C m'TEMPERATURE IS IN DEGREES K*°
C °*PRESSURE IS IN NEWTONS/SQUARE METER*"

DIMENSION TEMP¢IOO),PRESS(IO0)
IHI-IO0

I CONTINUE
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C
2

S

READ(7,m)J
READ(7, o) BLIP

READ(7,°)BLIPP
TEMP(J)'BLIP

PRESS(J)'BLIPP

IF (J .EQ. IHI)GOTO 2

GOTO 1
CONTINUE
*°INTERPOLATION OF ODD ALTITUDES *°

DO S I-0,B8,2
II-I+l
III-I+2

TEMP(II)-(TEMP(I)+TEMP(III))/2.0
PRESS(II)-(PRESS(1)+PRESS(III))/2.0

CONTINUE
RETURN
END



Program Hover- calculates amount of fuel or,d other l_om_ters given burn time

St Input It=me Output Unit
6. 672E- 11 G m'3/kg*s"
6. 374E23 Mmar_ kg
4. 2828E 13 MUmars m'3/s'2
338?500 Rmars m

3540.2 ISP m/s
L 180 TB s

TW 1. 1268843

MDRY 157. 39036 Mg
• 15 STFRCT

MPROP 42.609644
MPRY 150.9_91 Mg

L 200 110 Mg
838037 THRUST H

WEIGHT 743676. 15 M

g 3.7183807 m/s^2
Mdot 236. 72024 kg/s
MdotO 17g. 67922 kg/s

3. 15 OFRW

MdotF 5?. 041022 kg/s
DEMSF 424 kg/m^3

1000 DEMSH20 kg/m" 3
•424 SGF

DEMSO 1143 kg, m'3
1. 143 SGO

UdotF .13453071 m'3/s
UdotO .1571gg67 m'3/$
Udot .29173038 m'3/s
OFRU I.1685039

MF 10. 267384 Mg
MOx 32. 34226 Mg
UOLP 52.511468 m'3

VOLO 2e. 29594 m'3
UOLF 24.215528 m'3

Ccm_ment
Universal Grovi totionol Cons

Mo_ of Mars
Mops Orovi rational Pcrameter
Rod ius of Mars

Specific Impulse
Burn T i me

Thrust to Weight Ratio

Final Dr9 Uehicle I_ss
Structural Foctor

Mass of Props I I ant
Mass of Pagload
Initial Wet Uehicle Mass

Thrust P_ i red to Hover
Weight of FSU on Mars
_rav itat iono I force on Mars

Mass flow rate of propel lant
Mass flow rate of oxidizer

Oxidizer/Fuel Ratio by Weigh
Moss flow rote of Fuel

Densi tg of fuel

Oensi tLjof WeteP

Specific Grovity of Fuel
Density of Oxidizer

Specific Grovitg of Oxidizer
Uolume flow rote of fuel
Uolume flow rote of oxidizer

Uolume flo_ rote of pr_ella

Oxidizer/fuel ratio by volum
Moss of Fuel
Mass of Ox i d i zer

Uo I ume o f Props I I on t
Uoluahe of Oxidizer
Volume of Fuel

S Rule

* MDRY= (STFACT*MPROP)+MPRY

* MO=MDRY+MPROP

* TW=THRUST/WEIOHT

* WE IGHT=MO*g
* Mdot=THRUST/I S_
* TB=IIPROP/lldo t

* g=MUmar$l(Paar='2 )
* MdotO=OFP_l*Mdot/(I+OFRW)
* MdotF=Mdot/(I+OFRW)
* DEHSF=DEHSH20*S_F
* DEMSO=DEMSH20*SGO
* UdotF=MdotF/OEHSF
* Udo tO=Mdo t0/13EHSO
* Udot=UdotF+UdotO
* OFRU=UdotO/Udo tF
* MF=MPROP/(I+(_cRW)
* MOx=OFRW*MPROPI( I+OFRN )
* UOLP=UOLO+UOLF
* UOLF=MFIDENSF
* UOLO=MOx/DEM80
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>>> MARS DESCENT SIMULATION <<<

DESCENT PROFILE

M/(CL_(S) (KG/M**2) = 392.9751&SO7&8

INITIAL MASS (KG) = 200000.

COEFFICIENT OF LIFT = .5

RADIUS OF VEHICLE (M) =18.

L/D = .5

H (M) = 100000.

V (M/SEC) = 3500.

GAMA (DEG) = -.5

THRUST (N) = BC)C)C)C)(').

INITIAL F'ROP. DEC. ALT. (KM) = 2.8

FUEL FLOW RATE (KG/S) = 387.

TIME (SEC) = 0. ROLL (DEG) = 0.

PROPULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = ().

Y CROSSRANGE (KM) = 0.

H ALTITUDE (KM) = i(')(').

V VELOCITY (M/SEC) = 35(:)(::,.

GAMA FLT. PATH ANGLE (DEG) = -.4C_999162417.

AZE (DEG) = (').

ACCELERATION (G-EARTH) =0.

STAGNATION TEMP (K) =6(:)1.85452r)8141

TIME (SEC) = 50. ROLL (DEG) = 90.0000")C)76485

PROF'ULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 174. 938170108

Y CROSSRANGE (KM) = .0C)33C)7905155276

H ALTITUDE (KM) = 98. 18805012271

V VELOCITY (M/SEC) = 3497.792448878

GAMA FLT. PATH ANGLE (DEG) = -.687259617945

AZE (DEG) = .002259266436902

ACCELERATION (G-EARTH) =-.02590722713355

STAGNATION TEMP (K) =616.0098&68292

TIME (SEC) = 100. ROLL (DEG) = 90.0C)000C)76485

PROPULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 349. 7417042925

Y CROSSRANGE (KM) = .01453611732843

H ALTITUDE (KM) = 95.8(.')23(.')819164

V VELOCITY (M/SEC) = 3494.8e0733898

GAMA FLT. PATH ANGLE (DEG) = -.8771245755442

AZE (DEG) = .005262826393812

ACCELERATION (G-EARTH) =-.03340275848797

STAGNATION TEMF (K) =635.2812351691

I
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TIME (SEC) = 150. ROLL (DEG> = 90. (')0000(')76485

PROPULSION SYE_TEMS ARE OFF

X DOWNRANGE (KM) = 524. 3715804229

Y CROSSRANGE (KM) = .03671515250504

H ALTITUDE (KM) = 92.83519459587

V VELOCITY (M/SEC) = 3491.186181769

GAMA FLT. PATH ANGLE (DEG) = -1.070368493613

AZE (DEG) = .009578778203636

ACCELERATION (G-EARTH) =-.04194495006995

STAGNATION TEMP (K) =&60.2788480041

TIME (SEC) = 200. ROLL (DEG) = 90.0C)(')00076485

PF'OPULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 698.7832849322

Y CROSSRANGE (KM) = .0752691411579

H ALTITUDE (KM) = 89.277('_1943649

V VELOCITY (M/SEC) = 3486.565444r)17

GAMA FLT. PATH ANGLE (DEG) = -1. 267952205025

AZE (DEG) = .01628&24662477

ACCELERATION (G-EARTH> =-. 05245380970073

STAGNATION TEMP (K> =691.81r_7766305

TIME (SEC) = 25('_. ROLL (DEG) = 9C).('_0('w('_0076485

PROPULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 872.9219672439

Y CROSSPANGE (KM) = . 14r)32224711==_w-

H ALTITUDE (KM) = 85. 11543950637

V VELOCITY (M/SEC) = 3480.7382038T2

GAMA FLT. PATH ANGLE (DEG) = -1.471178887751

AZE (DEG) = .0275&800383667

ACCELERATION (G-EARTH) =-. 06692729497937

STAGNATION TEMF (K) =730. 915196074

TIME (SEC) = 300. ROLL (DEG) = 90.00000076485

PROF'ULSION SYSTEMS ARE OFF

X DOWNRANGE (KM> = 1046.711853337

Y CROSSRANGE (KM) = .2518090499555

H ALTITUDE (KM) = 80.3344269826

V VELOCITY (M/SEC) = 3473.116265816

GAMA FLT. PATH ANGLE (DEG> = -1.682054247717

AZE (DEG) = .04811876315946

ACCELERATION (G-EARTH) =-.08997076303017

STAGNATION TEMP (K) =778.887244595

TIME (SEC) = 350. ROLL (DEG) = 90.00000076485

PROPULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 1220.031648347

y CROSSRANGE (KM) = .4514180187024

H ALTITUDE (KM) = 74.91220710632

V VELOCITY (M/SEC) = 3462.376697655

GAMA FLT. PATH ANGLE (DEG) = -1.904129152597

AZE (DEG) = .088_8586932313

ACCELERATION (G-EARTH) =-.132849276202

STAGNATION TEMP (K) =837.2667832609
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TIME (SEC> = 400. ROLL (DEG) = O.

PROPULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 1392.654050921

Y CROSSRANGE (KM) = .82&2800116346

H ALTITUDE (KM) = 68.82272626688

V VELOCITY (M/SEC) = 3445.344028894

GAMA FLT. PATH ANGLE (DEG) = -2.123067231149

AZE (DEG) = .1539457248239
ACCELERATION (G-EARTH) =-.2239808429763

STAGNATION TEMP (K) =908.6023472139

TIME (SEC) = 450. ROLL (DEG) = O.

PPOPULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 1564.111079123

Y CROSSRANGE (KM) = 1.286962107246

H ALTITUDE (KM) = 62.32186318812

V VELOCITY (M/SEC) = 3414.627404801

GAMA FLT. PATH ANGLE (DEG) = -2.20046306682

AZE (DEG) = .1539457248239

ACCELERATION (G-EARTH) =-.4235416791525

STAGNATION TEMP (K) =990.8266442494

TIME (SEC) = 500. ROLL (DEG) = O.

F'ROF'ULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 1733.386692729

Y CROSSRANGE (KM) = 1.741783033691

H ALTITUDE (KM) = 55.9069765529

V VELOCITY (M/SEC) = _354.4_6585214

GAMA FLT. PATH ANGLE (DEG) = -2.097142042594

AZE (DEG) = .1539457248239

ACCELERATION (G-EARTH) =-.8365063542641

STAGNATION TEMF' (K) =1073.499920796

TIME (SEC> = 550. ROLL (DEG) = O.

PROPULSION SYSTEMS ARE OFF

X DOWNRANGE (KM> = 1898.452429952

Y CROSSRANGE (KM) = 2.18529258553

H ALTITUDE (KM) = 50.39443700032

V VELOCITY (M/SEC) = 3241.179217689

GAMA FLT. PATH ANGLE (DEG) = -1.659171369766

AZE (DEG) = .1539457248239

ACCELERATION (G-EARTH) =-1.481378841022

STAGNATION TEMP (K) =1132.887684848

TIME (SEC) = 600. ROLL (DEG) = O.

PROPULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 2056.301417526

Y CROSSRANGE (KM) = 2.60941169659

H ALTITUDE (KM) = 46.85258022487

V VELOCITY (M/SEC> = 3067.009417984

GAMA FLT. PATH ANGLE (DEG) = -.8738862155868

AZE (DEG) = .1539457248239

ACCELERATION (G-EARTH> =-1.959792192741

STAGNATION TEMP (K> =1142.829492387
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TIME (SEC> = 650. ROLL (DEG) = O.

PROPULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 2204.757139845

Y CROSSRANGE (KM) = 3.008292360629

H ALTITUDE (KM) = 45.59383666666

V VELOCITY (M/SEC) = 2871.858273648

GAMA FLT. PATH ANGLE (DEG) = -.1353074301824

AZE (DEG) = .1539457248239

ACCELERATION (G-EARTH) =-1.947222024479

STAGNATION TEMP (K)" =1108.423833247

TIME (SEC) = 700. ROLL (DEG) = 14.91699515198

PROPULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 2343.767595241

Y CROSSRANGE (KM> = 4.022330743922

H ALTITUDE (KM) = 45.55072980355

V VELOCITY (M/SEC) = 2692.587197409

GAMA FLT. PATH ANGLE (DEG> = .0001884494586611

AZE (DEG) = .8026810962924

ACCELERATION (G-EARTH) =-1.716072080548

STAGNATION TEMP (K) =1060.400861556

TIME (SEC) = 750. ROLL (DEG) = O.

PROPULSION SYSTEMS ARE OFF

X DOWNRANGE (KM> = 2474.33663899

Y CROSSRANGE (KM> = 5._67347308113

H ALTITUDE (KM) = 45.39584535925

V VELOCITY (M/SEC> = 2533.479895985

GAMA FLT. PATH ANGLE (DEG> = -.19847976169

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-1.550181699259

STAGNATION TEMP (K) =1018.56828&151

TIME (SEC) = 800. ROLL (DEG) = O.

PROPULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 2597.238708716

Y CROSSRANGE (KM) = 7.807370436921

H ALTITUDE (KM) = 44.42008509946

V VELOCITY (M/SEC) = 2383.46839&564

GAMA FLT. PATH ANGLE (DEG> = -.7693814068265

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-1.54014786348

STAGNATION TEMP (K) =988.6750674583

TIME (SEC) = 850. ROLL (DEG) = O.

PROPULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 2712. 476555104

Y CROSSRANGE (KM) = 9. 532648970817

H ALTITUDE (KM) = 42.11130266477

V VELOCITY (M/SEC) = 2224.247211302

GAMA FLT. PATH ANGLE (bEG> = -1.552150680211

AZE (DEG) = .e577372_04279

ACCELERATION (G-EARTH) =-1.738122296088

STAGNATION TEMP (K) =969.9572612174
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TIME (SEC) = 900. ROLL (DEG) = O.

PROPULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 2819. 043311044

Y CROSSRANGE (KM) = II.1281086415

H ALTITUDE (KM) = 38.49961361678

V VELOCITY (M/SEC> = 2034.549616614

GAMA FLT. PATH ANGLE (DEG) = -2.318019068644

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-2.152011923014

STAGNATION TEMP (K) =955.4345949461

TIME (SEC) = 950. ROLL (DEG) = O.

PROPULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 2914.940035184

Y CROSSRANGE (KM> = 12.56382238324

H ALTITUDE (KM) = 34.13511055265

V VELOCITY (M/SEC) = 1797.099855022

GAMA FLT. PATH ANGLE (DEG) = -2.856092213989

AZE (DEG) = .85773?2604279

ACCELERATION (G-EARTH) =-2.674905929797

STAGNATION TEMP (K> =927.6189554408

TIME (SEC) = 1000. ROLL (DEG) = O.

PROPULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 2997.747_37341

Y CROSSRANGE (KM) = I_.80_568_9845

H ALTITUDE (KM) = 29.76241855121

V VELOCITY (M/SEC> = 1514.46.,w4_4r=

GAMA FLT. PATH ANGLE (DEG) = -3.190318251035

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-3.025099873818

STAGNATION TEMP (K) =874.9125_07552

TIME (SEC) = 1050. ROLL (DEG) = O.

PROPULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 3065.852777292

Y CROSSRANGE (KM) = 14.82320&i0664

H ALTITUDE (KM) = 25.66940095833

V VELOCITY (M/SEC) = 1215.1234344BB

GAMA FLT. PATH ANGLE (DEG) = -3.826904087589

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH> =-3.02415654693

STAGNATION TEMP (K) =797.8301117144

TIME (SEC) = 1100. ROLL (DEG) = O.

PROPULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 3119.168872844

Y CROSSRANGE (KM) = 15.62142577189

H ALTITUDE (KM> = 21.42412105489

V VELOCITY (M/SEC> = 928.0125285988

GAMA FLT. PATH ANGLE (DEG) = -5.632674988284
AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-2.819299502478

STAGNATION TEMP (K) =710.1981243574
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TIME (SEC) = 1150. ROLL (DEG) = 0.

PROPULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 3158.522757833

Y CROSSRANGE (KM) = 16.21061079333

H ALTITUDE (KM> = 16.37432¢)25938

V VELOCITY (M/SEC> = 663.5344264782

GAMA FLT. PATH ANGLE (DEG) = -9.721083985811

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH> =-2.575187344649

STAGNATION TEMP (K> =619.7292434387

TIME (SEC) = 1200. ROLL (DEG) = O.

PROPULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 3184.879269669

Y CROSSRANGE (KM) = 16.60520619341

H ALTITUDE <KM) = 10.19906498276

V VELOCITY (M/SEC) = 425.3697570105

GAMA FLT. PATH ANGLE (DEG) = -18.37592270238

AZE (DEG) = .85773q2604279

ACCELERATION (G-EARTH> =-2.269124357549

STAGNATION TEMF' (K) =523.818579171

TIME (SEC) = 1250. ROLL (DEG) = O.

PROF'ULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 3199.263310063

Y CROSSRANGE (KM) = 16.82055624463

H ALTITUDE (KM> = 3.240567630902

V VELOCITY (M/SEC) = 224.3680181127

GAMA FLT. PATH ANGLE (DEG) = -38.09561019688

AZE (DEG) = .857737D604279

ACCELERATION (G-EARTH) =-1.801523758811

STAGNATION TEMP (K) =410.26611621

TIME (SEC) = 1251. ROLL (DEG) = O.

PROPULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 3199.4377686

Y CROSSRANGE (KM> = 16.82316814322

H ALTITUDE (KM) = 3.10231721805

V VELOCITY (MISEC) = 220.8607226145

GAMA FLT. PATH ANGLE (DEG) = -38.69187780632

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH> =-1.788895897538

STAGNATION TEMP (K) =407.3980574477

TIME (SEC> = 1252. ROLL (DEG) = O.

PROPULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 3199.608050517

Y CROSSRANGE (KM) = 16.82571751172

H ALTITUDE (KM) = 2.964441727817

V VELOCITY (M/SECt = 217.3787833639

GAMA FLT. PATH ANGLE (DEG> = -39.29868208091

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-1.776000345115

STAGNATION TEMP (K) =404.6850669887
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TIME (SEC) = 1253. ROLL (DEG) = O.

PROF'ULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 3199.774177478

Y CROSSRANGE (KM) = i&.82820467448

H ALTITUDE (KM) = 2.826966237038

V VELOCITY (M/SEC) = 213.9227633997

GAMA FLT. PATH ANGLE (DEG) = -39.91619735447

AZE (DEG) = .8577372604279
ACCELERATION (G-EARTH) =-1.762819604616

STAGNATION TEMP (K) =401.7215434961

TIME (SEC) = 1254. ROLL (DEG) = O.

PROPULSION SYSTEMS ARE ON

MASS OF VEHICLE (KG) = 199677.5

X DOWNRANGE (KM) = 3199.935154996

Y CROSSRANGE (KM) = 16.83061474257

H ALTITUDE (KM> = 2.690774583891

V VELOCITY (M/SEC) = 207.1691823129

GAMA FLT. PATH ANGLE (DEG) = -40.5502856311

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH> =-3.377408598142

STAGNATION TEMP (K) =_96.3286364699

TIME (SEC_ = 1255. ROLL (DEG) = 0.

F'ROF'ULSION SYSTEMS ARE ON

MASS OF VEHICLE (KG) = 199290.5

X DOWNRANGE (KM) = 3200.088991814

Y CROSSRANGE (KM) = 16.83291790_98

H ALTITUDE (KM) = 2.557609391689

V VELOCITY (M/SEC> = 199.8010332009

GAMA FLT. PATH ANGLE (DEG) = -41.21283299106

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-3.757925419392

STAGNATION TEMP (K) =390.4188356219

TIME (SEC> = 1256. ROLL (DEG) = O.

PROPULSION SYSTEMS ARE ON

MASS OF VEHICLE (KG) = 198903.5

X DOWNRANGE (KM) = 3200.235749368

Y CROSSRANGE (KM) = 16.83511507847

H ALTITUDE (KM) = 2.42750708431

V VELOCITY (M/SEC) = 192.4802706202

GAMA FLT. F'ATH ANGLE (DEG) = -41.9048243918

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-3.733527079531

STAGNATION TEMP (K) =384.4636506796

TIME (SEC) = 1257. ROLL (DEG) = 0.

PROPULSION SYSTEMS ARE ON

MASS OF VEHICLE (KG> = 198516.5

X DOWNRANGE (KM) = 3200.375489238

Y CROSSRANGE (KM) = 1_.83720718801

H ALTITUDE (KM) = 2.300512458906

V VELOCITY (M/SEC) = 185.20199_4172

GAMA FLT. PATH ANGLE (DEG) = -42.62727959064

AZE (DEG) = .B577372604279
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ACCELERATION (G-EARTH) =-3.711614919843

STAGNATION TEMP (K) =378.4587659112

TIME (SEC) = 1258. ROLL (BEG) = 0.

F'ROPULSION SYSTEMS ARE ON

MASS OF VEHICLE (KG) = 198129.5

X DOWNRANGE (KM) = 3200.508273572

Y CROSSRANGE (KM) = 16.83919516304
H ALTITUDE (KM) = 2.176&79099351

V VELOCITY (M/SEC) = 177.9611104475

GAMA FLT. PATH ANGLE (DEG) = -43.38127719685

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-3.&92292015695

STAGNATION TEMP (K) =372.3997765882

TIME (SEC> = 1259. ROLL (DEG> = 0.

PROPULSION SYSTEMS ARE ON

MASS OF VEHICLE (KG) = 197742.5

X DOWNRANGE (KM> =" 3200.&34165436

Y CROSSRANGE (KM) = 16.84107994775

H ALTITUDE (KM> = 2.05606973803

V VELOCITY (M/SEC) = 170.7523138334

GAMA FLT. PATH ANGLE (DEG) = -4#.16796540493

AZE (DEG) = .8577E72_04279

ACCELERATION (G-EARTH) =-3.675659917472

STAGNATION TEMP (K> =3_&.28226739E2

TIME (SEC) = 1260. ROLL (DEG) = 0.

PROPULSION SYSTEMS ARE ON

MASS OF VEHICLE (KG) = 197355.5

X DOWNRANGE (KM) = 3200.7532 _°_o

Y CROSSRANGE (KM) = 16.84286250617

H ALTITUDE (KM) = 1.938756616577

V VELOCITY (M/SEC) = 163.5701152079

GAMA FLT. PATH ANGLE (DEG) = -44.98857564486

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-3.661817180499

STAGNATION TEMP (K) =360.2019178615

TIME (SEC) = 1261. ROLL (DEG) = O.

PROPULSION SYSTEMS ARE ON

MASS OF VEHICLE (KG) = 196968.5

X DOWNRANGE (KM) = 3200.86553112

Y CROSSRANGE (KM) = 16.84454382929

H ALTITUDE (KM) = 1.824821840927

V VELOCITY (M/SEC) = 156.408841014

GAMA FLT. PATH ANGLE (DEG) = -45.84444007534

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-3.650857358452

STAGNATION TEMP (K) =353.9546423299
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TIME (SEC> = 1262. ROLL (DEG) = O.

F'ROPULSION SYSTEMS ARE ON

MASS OF VEHICLE (KG) = 196581.5

X DOWNRANGE (KM> = 320(').971139658

Y CROSSRANGE (KM) = 16. 84612494304

H ALTITUDE (KM) = 1.714357724383

V VELOCITY (M/SEC) = 149.2626510943

GAMA FLT. PATH ANGLE (DEG) = -46.73701415489

AZE (DEG> = .857737D604279

ACCELERATION (B-EARTH) =-3. 642866374622

STAGNATION TEMP (K) =347. 6367733706

TIME (SEC) = 1263. ROLL (DEG) = (I.

PROPULSION SYSTEMS ARE ON

MASS OF VEHICLE (KG) = 196194.5

X DOWNRANGE (KM> = 3201.070126318

Y CROSSRANGE (KM) = 16.8476r!691763

H ALTITUDE (KM) = 1.607467111185

V VELOCITY (M/SEC) = 142.1255609438

GAMA FLT. PATH ANGLE (DEG) = -47. 66790594255

AZE (DEG> = _-7"7_-7oJ-r_Li_-7_

ACCELERATION (G-EARTH> =-3. 637919199615

STAGNATION TEMP (K> =._-".41.2452991753

TIME (SECt = 1264. ROLL (DEG) = (').

F'ROF'ULSION _ c._Y_TEM. ARE ON

MASS OF VEHICLE (KG> = 1958_'_7.5

X DOWNRANGE (KM> = 3201. 162566242

Y CROSSRANGE (KM) = 16. 84899087802

H ALTITUDE (KM) = 1.50426367116

V VELOCITY (M/SEC) = 134.991472(')57

GAMA FLT. F'ATH ANGLE (DEG) = -48.63891434447

AZE (DEG> = .85773726('_4279

ACCELERATION (G-EARTH) =-3.636r)75797445

STAGNATION TEMP (K> =334. 7781665292

TIME (SEC> = 1265. ROLL (DEG> = 0.

PROPULSION SYSTEMS ARE ON

MASS OF VEHICLE (KG) = 195420.5

X DOWNRANGE (KM) = 3201.248539031

Y CROSSRANGE (KM) = 16.85027801599

H ALTITUDE (KM) = 1.4(14872154579

V VELOCITY (M/SEC> = 127.8542117454

GAMA FLT. PATH ANGLE (DEG) = -49.65207929508

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH> =-3.637376362941

STAGNATION TEMP (K> =328.2346613813
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TIME (SEC) = 1266. ROLL (DEG) = 0.

PROPULSION SYSTEMS ARE ON

MASS OF VEHICLE (KG) = 195033.5

X DOWNRANGE (KM) = 3201.328129659

Y CROSSRANGE (KM) = 16.85146960371

H ALTITUDE (KM) = 1.309428594828

V VELOCITY (M/SEC) = 120.7075835312

GAMA FLT. PATH ANGLE (DEG) = -50.70974793054

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-3.641835971417

STAGNATION TEMP (K) =321.6158776838

TIME (SEC) = 1267. ROLL (DEG) = 0.

PROPULSION SYSTEMS ARE ON

MASS OF VEHICLE (KG) = 194646.5

X DOWNRANGE (KM) = 3201.401429505

Y CROSSRANGE (KM) = 16.85256700925

H ALTITUDE (KM) = 1.218080446005

V VELOCITY (M/SEC) = 113.5454286768

GAMA FLT. PATH ANGLE (DEG) = -51.81466232213

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-3.649438904266

STAGNATION TEMP (K) =314.9252807281

TIME (SEC) = 1268. ROLL (DEG) = 0.

PROF'ULSION SYSTEMS ARE ON

MASS OF VEHICLE (KG) = 194259.5

X DOWNRANGE (KM) = 3201.468537525

Y CROSSRANGE (KM) = 16.85357171413

H ALTITUDE (KM) = 1.13098664248

V VELOCITY (M/SEC) = 106.3616984729

GAMA FLT. PATH ANGLE (DEG) = -52.97007652144

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-3.660133103785

STAGNATION TEMP (K) =308.1693614257

TIME (SEC) = 1269. ROLL (DEG) = 0.

PROPULSION SYSTEMS ARE ON

MASS OF VEHICLE (KG) = 193872.5

X DOWNRANGE (KM) = 3201.529561583

Y CROSSRANGE (KM) = 16.85448533322

H ALTITUDE (KM) = 1.04831756942

V VELOCITY (M/SEC) = 99.15053553283

GAMA FLT. PATH ANGLE (DEG) = -54.17991393924

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-3.673825435932

STAGNATION TEMP (K) =301.3583596279

|



TIME (SEC> = 1270. ROLL (DEG) = O.

PROPULSION SYSTEMS ARE ON

MASS OF VEHICLE (KG) = 193485.5

X DOWNRANGE (KM) = 3201.584619967

Y CROSSRANGE (KM) = 16.85530963749

H ALTITUDE (KM) = .9702549369931

V VELOCITY (M/SEC) = 91.90636052241

6AMA FLT. PATH ANGLE (DEG) = -55. 44898117091

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-3. 690378668444

STAGNATION TEMP (K) =213.9

TIME (SEC) = 1271. ROLL (DEG) = O.

PROPULSION SYSTEMS ARE ON

MASS OF VEHICLE (KG) = 193098.5

X DOWNRANGE (KM) = 32(')1. 633843126

Y CROSSRANGE (KM) = 16. 85604657992

H ALTITUDE (KM) = .8969915576279

V VELOCITY (M/SEC) = 84.62395863336

GAMA FLT. PATH ANGLE (DEG) = -56.78326267188

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-3. 709611239877

STAGNATION TEMP (K) =213.9

TIME (SEC) = 1272. ROLL (DEG) = 0.

PROPULSION SYSTEMS ARE ON

MASS OF VEHICLE (KG) = 192711.5

X DOWNRANGE (KM> = 3201.67737567_

Y CROSSRANGE (KM) = 16.85669832561

H ALTITUDE (KM) = .8287310346663

V VELOCITY (M/SEC) = 77. 29855801198

GAMA FLT. PATH ANGLE (DEG) = -58. 19033483997

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-3. 731300906432

STAGNATION TEMP (K) =213.9

TIME (SEC) = 1273. ROLL (DEG) = 0.

PROPULSION SYSTEMS ARE ON

MASS OF VEHICLE (KG) = 192324.5

X DOWNRANGE (KM) = 3201.715378737

Y CROSSRANGE (KM) = 16.$5726728687

H ALTITUDE (KM) = .765687383(')408

V VELOCITY (M/SEC) = 69.92589083827

GAMA FLT. PATH ANGLE (DEG) = -59.67996341849

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-3.755193094485

STAGNATION TEMP (K) =213.9
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TIME (SEC) = 1274. ROLL (DEG) = O.

PROPULSION SYSTEMS ARE ON

MASS OF VEHICLE (KG) = 191937.5

X DOWNRANGE (KM) = _201.748032773

Y CROSSRANGE (KM) = 16.85775616538

H ALTITUDE (KM) = .7080846158564

V VELOCITY (M/SEC) = 62. 5(')222750733

GAMA FLT. PATH ANGLE (DEG) = -61.26499590063

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-3.781014173657

STAGNATION TEMP (K) =213.9

TIME (SEC) = 1275. ROLL (BEG) = 0.

PROPULSION SYSTEMS ARE ON

MASS OF VEHICLE (KG) = 191550.5

X DOWNRANGE (KM) = 3201.775541C_11

Y CROSSRANGE (KM) = 16. 85816800381

H ALTITUDE (KM) = .6561563444287

V VELOCITY (M/SEC) = 55.02437601363

GAMA FLT. PATH ANGLE (DEG) = -62.96275573139

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-3.8084_°8923948

STAGNATION TEMP (K) =217.9

TIME (SEC) = 1276. ROLL (DEG) = O.

PROFLILSION SYSTEMS ARE ON

MASS OF VEHICLE (KG) = 191163.5

X DOWNRANGE (KM) = 3201.798133855

Y CROSSRANGE (KM) = 16. 85850625162

H ALTITUDE (KM) = .610145451_073

V VELOCITY (M/SEC) = 47.48964230024

GAMA FLT. PATH ANGLE (DEG) = -64. 79734754055

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-3. 837360430688

STAGNATION TEMP (K) =213.9

TIME (SEC) = 1277. ROLL (DEG) = 0.

PROPULSION SYSTEMS ARE ON

MASS OF VEHICLE (KG) = 190776.5

X DOWNRANGE (KM) = 3201.816074723

Y CROSSRANGE (KM) = 16.85877485256

H ALTITUDE (KM) = .5703039051145

V VELOCITY (M/SEC) = 39.89575215942

GAMA FLT. PATH ANGLE (DEG) = -66.803751786

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH> =-3.867409988134

STAGNATION TEMP (K) =213.9

I



TIME (SEC) = 1278. ROLL (DEG) = 0.

PROPULSION SYSTEMS ARE ON

MASS OF VEHICLE (KG) = 190389.5

X DOWNRANGE (KM) = 3201. 829668255

Y CROSSRANGE (KM) = 16. 85897836754

H ALTITUDE (KM) = .5368927963376

V VELOCITY (M/SEC) = 32.24073907194

GAMA FLT. PATH ANGLE (DEG) = -69.03580506597

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-3.898475039228

STAGNATION TEMP (K) =213.9

TIME (SEC) = 1279. ROLL (DEG) = O.

PROPULSION SYSTEMS ARE ON

MASS OF VEHICLE (KG) = 190196.

X DOWNRANGE (KM) = 3201.839520934

Y CROSSRANGE (KM) = 16.85912587652

H ALTITUDE (KM) = .5095259702653

V VELOCITY (M/SEC) = 26.62859661347

GAMA FLT. PATH ANGLE (DEG) = -71.52962619662

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-3.072089381603

STAGNATION TEMP (K) =213.9

TIME (SEC) = 1280. ROLL (DEG) = 0.

PROPULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 3201.846880467

Y CROSSRANGE (KM) = 16.85923605945

H ALTITUDE (KM) = .4857921685278

V VELOCITY (M/SEC) = 23.06517425719

GAMA FLT. PATH ANGLE (DEG) = -74.07164775624

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-1.813795759578

STAGNATION TEMP (K) =213.9

TIME (SEC) = 1281. ROLL (DEG) = O.

PROPULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 3201.852272958

Y CROSSRANGE (KM) = 16.8593167929

H ALTITUDE {KM) = .46522489959

V VELOCITY (M/SEC) = 19.45654737329

GAMA FLT. PATH ANGLE (DEG) = -76.61401761117

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-1.83719201606

STAGNATION TEMP (K) =213.9

TIME (SEC) = 1282. ROLL (DEG) = O.

PROPULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 3201.855986683

Y CROSSRANGE (KM) = 16.85937239278

H ALTITUDE (KM) = .4479858785868

V VELOCITY (M/SEC> = 15.80973994279

GAMA FLT. PATH ANGLE (DEG> = -79.15665293417

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-1.857013894375

STAGNATION TEMP (K) =213.9
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TIME (SEC> = 1283. ROLL (DEG) = O.

PROPULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 3201.B5S323174

Y CROSSRANGE (KM) = 16.85940737345

H ALTITUDE (KM) = .4342107125968

V VELOCITY (M/SEC) = 12.13187B85919

GAMA FLT. PATH ANGLE (DEG) = -81.69948955435

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-1.87320780025

STAGNATION TEMP (K) =213.9

TIME (SEC) = 1284. ROLL (DEG) = O.

PROPULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 3201.859594835

Y CROSSRANGE (KM) = 16.$5942641207

H ALTITUDE (KM) = .4240077971071

V VELOCITY (M/SEC) = 8.430171962258

GAMA FLT. PATH ANGLE (DEG) = -84.2424769011

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-1.885731402086

STAGNATION TEMP (K) =213.9

TIME (SEC) = 12S5. ROLL (DEG) = O.

PROPULSION SYSTEMS ARE OFF

X DOWNRANGE <KM) = 3201.860122484

Y CROSSRANGE (KM) = 16.85943431174

H ALTITUDE (KM> = .4174574371576

V VELOCITY (M/SEC) = 4.711887421494

GAMA FLT. PATH ANGLE (DEG> = -86.78556372134

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-1.894552948572

STAGNATION TEMP (K) =213.9

TIME (SEC> = 1286. ROLL (DEG) = O.

PROPULSION SYSTEMS ARE OFF

X DOWNRANGE (KM) = 3201.86023282

Y CROSSRANGE (KM) = 16.85943596363

H ALTITUDE (KM) = .4151111978292

V VELOCITY (M/SEC) = .2843344783388

GAMA FLT. PATH ANGLE (DEG) = -89.32825722747

AZE (DEG) = .8577372604279

ACCELERATION (G-EARTH) =-1.899650584888

STAGNATION TEMP (K) =213.9

FINAL AND MAXIMUM VALUES

TERMINATION TIME = 1287.

TERMINATION ALTITUDE = 415.4914865196

MAXIMIMUM G-EARTH ACCELERATION=-3.898475039228

MAXIMIMUM STAGNATION TEMPERATURE (K)=1142.829492387

MASS OF FUEL USED (KG) = 9804.

!
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2_5

PROGRAM MAIN

* THIS PROGRAM DETERMINES THE ASCENT FLIGHT HISTORY OF A *

* IA[INCH VFHICLE BY RUNGE-KLITTA ITEGRATION OF THE EQLIATIONS *

* OF MOTION. THE EQUATIONS ARE INIEGRATED FROM FINAL *

* CONDITIONS TO DFTERMINE OPTIMUM INITIAL CONDITIONS.

DIMENSION X(5),DX(5)

REAL MF, ISP, MLI

ROMMON /SPECS/ ISP, BETA, MU, RMARS

OPEN(b, FII_='ASCENT.OUT', STATUS='NEW')

x_*** INITIAL IZE CONSTANTS *****

SEA LEVEL ACCELERATION DUE TO GRAUITY ON EARTH (FT/SEC^2)

GEARTH = 32.174

GRAVITATIONAl PARAMETER AND RADIUS OF MARS

(FT^3/SEC^2) (FT)

Mtl = 1.513P2039815E+15

RMARS = 10859448.

***** ENTER DATA INTERACTIVELY ***_*

WRIIE(*,IO0)

READ(*,_)ISP

WRITE(*,202)

READ(*,*)FIF

WRIIE(*,_04>

R_AD(*,m)D_I IA

WRIIE(*,_05)

R_AD(*,*)FACTOR

_**** FINAL CONDITIONS *****

XF _ O.

A _ RMARS _ ((HF + lb404_9.948) / _)

UF = SQRT(MU * ((2/(HF + RMARS)) - (l/A)))

GAMMAF = O.

MF = I.

K_._ SE1 MASS RATIO USING IDeAl I)E| [_- U FORMULA *****

RATIO = EXP(FACTOR*VF / ISP / GEARIII)

_**** ECII_ PRINT DATA *****

WRITE(6,,'oO(.)) ]SP, MF, RATIO, IIF, UF, DELTA

DEI IA = -DE-I IA

I)O IO I=lo0.e',OO,10

TF = REAl (I)

I



C

C

C

C

***** SE] PROPEI LANT FLOW RATE _****

BETA = MF * (RATIO - I) / TF

WRITE(7,bO0)

X(3) = XF

X(2) = HF

X(3) = VF

X(4_ = GAMMAF

X(5) _ I.

T = TF

CALL ASCENT(T,X,DELTA)

WRITE(&,800) TF,X(1),X(2),X(3),X(4),DX(5)

IF (X(3).LT.O.OR.X(4).GT.I.&)GOTO eo

10 CONTINUE

20 CONTINUE

100 FORMAT(///," ENTER SPECIFIC IMPULSE (SECONDS)')

202 FORMAT(///,' ENTER ALTITLIDE OF ORBIT AFTER GRAVITY TURN (FT)')

204 FORMAT(///," ENIER INTEGRATION STEP SIZE IN SECONDS')

205 FORMAT(///,' ENTER DELVA-V CORRECTION FACTOR')

400 FORMAT('1',///,15X,'MARS ASCENT',/

2 15X,IJ('='),//,

3 15X,'ISP = ',F9.4/

4 15X,'MF = ',G15.8/

5 15X,'I'I0 = ',G15.8/

6 15X,'_IF = ",G15.8/

? 15X,'VF = ',G15.8/

8 15X,'INTEGRATION STEP SIZE = ',F?.3//

Q 1]X,'TOF',4X,'XO (FEET)',kX.,'IIO (FEET)',kX,

9 "VO (FT/S)',bX,'GAMMAO','H (FT/S**2)',/,IIX,'(SEC)',/

R IOX,5('='),5(2X,11('=')))

RO0 FORMAF(/10X,Fk.O,5(2X,G11.4))

STOP

END

!
I

I
I

S!IBROtlTINE ASCENT(T,X,DELTA)

DIMENSION X(5) ,DX(5)

t IMII = INT<I / (-DELTA))

DO 10 14 = I, l IMIT, 1

CAI L RIIN(3F (I',X,DEtTA,5,DX)

10 RANTINLJE
NFTLIRN

END
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SIIBR( (il JNE I)[;RIV('r,X,DX)

* THIS SLIBROUTINE CONTAINS THE EQIIATIONS OF MOTION FOR AN *

* ASCENT TRAJECTORY. ASSUMPTIONS IMPLICIT .

* i . FLAT PLANET MODEL IS IISED, NON-ROTATING *

* ii. STATIONARY ATMOSPHERE ,

* Ji]. POINT MASS REPRESEN'[ATION, ALL FORCES ACT

* THROUGH THE CENTER OF GRAVITY.

INPItTS IO THE SUBROUTINE (IN CALL PARAMETERS)

* I - TIME ,

X(!) = RANGE (X) *

* X(2> = ALTITUDE (H)

* X(3) = VELOCITY (V) *

K X(4) - FLIGHT PATH ANGI E (GAMMA IN RADIANS)

* X(5) -- WEIGHT (W) *

* INPIITS ]O THE SUBROUTINE THROUGII COMMON BLOCKS ,

* VARIABLE BLOCK NAME M

* RAIIO - MASS RATIO /SPECS/ _._

ISP = SPECIFIC IMPULSE /SPECS/ *

* BETA ---PROPELLANT FLOW ,

RATE /SPECS/ *

* MU - GRAVITATIONAL *

* PARAMETER /SPECS/ *

* RMARS -= RADILIS OF PI ANFI "SPr(:S )_
* GFARTH - ACCELERATION DIIE ,

* TO GRAVITY /SPECS/ *

* N

* OUTPIIT FROM SUBROUTINE ,

* DX(] ) - RANGE COMPONENT OF VEt OCITY *

* DX(2) - VERTICAL COMPONENT OF VELOCITY .

* DX(3) - ACCELERATION ,

* DX(4) -TIMF RATE OF CIIANGE OF FLIGHT PATH ANGLE -

* DX(5) - TIME RATE OF CHANGE OF MASS (-PROPELLANT *

* FL ON RATE) ,

DIMENSION X(5), DX(5)

REAL MF, ISP, MU

COMMON /SPECS/ ISP,.BETA, MU, RMARS

x_*** GRAVITY AS FUNCTION OF ALTITLIDE _****

G(FI) = MU / ((If + RMARS)**2)

***_* EFFECIIVE VELOCITY (C) AND IIIRIIST *_***

[I-IRIlST= BE IA .M ISP

***** DFRIUAI IVES *****

DX(]) = X(3) _ COS(X(4))

DX(2) = X(3) * SIN(X(4))

PX(3) = ([HRIIST / X(5)) - (G(X(2)). * SIN(X(q)))

DX(A) = -G(X(P)) * C:OS(X(A)) I x(3)

D> (5) = -BETA

RFTtlRN

END



C
C
C
C
C
C
C
C

StlBROLITINE RLINGE(T,X,DFLT,N,DX) I

* TEllS SLJBROU_INE INTEGRATES N FIRST ORDER ORDINARY DIF- *

* FFRENTIAL EQUATIONS BY THE RIINGE-KUTTA METHOD. *

* I

DIMENSION X(&), DX(&), DELX(&,3), XV(6)

T2 = T _ DEI "I12.0

CAii DERIV(T,X,DX)

DO 10 I=I, N'

DE[ X(I,I) = DX(1) * DEIT

XV(1) = X(1) + DELX<I,I) / 2.0

10 CONTINIIE

CALL DERIV(T2,XV,DX)

DO 20 I=_,N

DEI X(I.2) = DX(I> * DEI T

•XV(1) = X(1) + DFt X(I,_> / 2.0

20 CONTINLIE

CALL DERIV(12,XV,DX)

DO 30 I=I,N

DEi X(I,3) = DX(1) * DFLT

Xv(1) = X(1) + DELX(I,3)

30 CONT INtlE

T = T + DEIT

CALl DERIV(],XV,DX)

r)fl _0 I= 1 ,N

X(I) = X(1) + (DEI ×(I,I > _ DX 1) * DEI T + 2.0 * (DEI X(I,D) I

C DFI X(I,3))) I 6.0

_O c_NrII,IIIE

RETt_RN

END
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PROGRAM MAIN

* THIS PROGRAM DETERMINES THE ASCENT FLIGHT HISTORY OF A w

* lAUNCH VEHICLE BY RLINGE-KUTIA ITEGRATION OF THE EQUATIONS *

* OF MOTION. .

DIMENSION X(5)

REAL MF, ISP, Mtl

COMMON /SPECS/ RATIO, ISP, BETA, MU, RMARS, GEARTH

OPEN(b, FILE='ASCENT.OUT', STATUS='NEW')

OPEN(7, F]IE='ASCENT.HIS', STATLIS='NEW')

www** ENTER DATA INTERACTIVELY *****

WRITE(*,IO0)

READ(*,*)ISP

WRITF(*,£02)

READ(*,*)IIF

WRITE(*,203)

READ(*,*)TF

WRIrF(*,204)

RFAD(*,*)DFI _A

***** INITIAl IZE VARIABLES ****_

SEA LEVEl ACCEI FRATION DUE TO GRAVIIY ON EARTH (FT/SEC"2)

GEARTH = _P.174

GRAVITATIONAl PARAMETER AND RADIUS OF" MARS

(FT"3/SEC"'2) (FT)

I-Ill= 1.51322039815E+15

RMARS = 10859448.

l = TF

XIF = O.

RF = (RMARS _ HF)

UF = SQRT(M[I / RF)

GAMMAF = O.

MF = 1.

**-w-w. ECHO PRINT DATA *****

WRITE(6,500) ISP, TF, MF, HF, VF, DEI TA

DEI_TA = -[)El TA

DO _0 I=_0,I00

***** SE1 MASS RATIO AND PROPFI I ANT FLOW RATE *****

RATIO = . I * REAL (I)

BETA = MF * (RATIO- I) / TF

WRI IE(?,600)

I



X(]) = XIF

X(2) = RF

X(3) = VF

X(4) = GAMMAF

X(5) = 1.

T = TF

CAI[ ASCENT(T,X,DEI TA)

WRITE(6,800) X

IF (X(3).IT.O.OR.X(A).GT.I.6)GOTO 20

10 CONTINIlE

20 CONTINtlE

100 FORMAT(///,' ENTER SPECIFIC IMPIJtSE (SECONDS)')

P02 FORMAT(///,' ENTER ALTITtlDE OF ORBII AFTER GRAVITY TURN (FT)')

203 FORMAT(///,' ENTER TIME OF FLIGHT (SFCONDS)')

204 FORMAl(///,' ENTER INTEGRATION STEP SIZE IN SECONDS')

500 FORMAT(']',///,15X,'MARS ASCENT',/

2 15X,II('='),//,

3 15X,'ISP = ',F9.4/

q 15X,'lOF = ',G15.8/

5 15X_'MF = ",G15.8/

6 JSX, '_IF = ',G15.8/

? 15X, 'VF = ",G]5.8/

8 15X,'INTEGRATION STEP SIZE = ",F?.3/I

Q 13X,'XO (FEET)',AX,'HO (FEEI)',AX,

9 'VO (FTIS)',bX,'GAMMAO',?X,'MASS',/,

C 10X,5(2X,11('=')))

800 FORMAT(/10X,5(P×,G11.4))

STOP

FND

SlfBROtIFINF ASCENI (X,X,DELTA)

DIMFNSION X(5)

I IMIT = INI(T / (-DELTA))

DO 10 N = I, IIMIT, 1

CAII RIINGE (T,X,DELTA,5)

C WRITE (7,700)T,X

10 C[1NTINtlE

C 600 FORMAl ('I " _14X,'HISTORY',I,]SX,?('=" ),//

C 2 16X,']IME',3X,'X ( FEET )',3X,'H (FEET)',5X,

C 2 'V FT/S ',?X,'GAMMA',SX,'MASS',/)

C 700 FORMA[(JSX,F6.2,5(PX,G1].4))

RETIIRN

END
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C

C

C

C

C

C

C,,

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C
C

* THIS SUBROLITINE CONTAINS THE EQLIATIONS OF MOTION FOR AN *

* ASCENT TRAJECTORY. ASSUMPTIONS IMPLICIT w

* i. FLAT PLANET MODEL IS USED, NON-ROTATING

* ii, STATIONARY ATMOSPHERE b

* iii. POINT MASS REPRESENTATION, AL.L FORCES ACT

* THROLIGH THE CENTER OF GRAVITY. *

. *

* INPll]S CO THE SLIBROLITINE(IN CAL L PARAMETERS) *

N T _ TIME *

K X(1) E ANGLE IN FLIGHT (X) *

w X(2) i RADIUS OF FLIGHT (H) *

* X(3) _ VELOCITY (V) w

* X(4) E FLIGHT PATH ANGLE (GAMMA IN RADIANS) w

X(5) _ WEIGHT (W) w

K *

x INPUTS TO THE SUBROUTINE THROLI_H COMMON BLOCKS *

VARIABLE BLOCK NAME

* RAIIO _ MASS RATIO /SPECS/ *

* ISP _ SPECIFIC IMPUt SE /SPECS/ *

* BETA E PROPELLANT FLOW *

* RATE /SPECS/

* MU E GRAVITATIONAL

* PARAMETER /SPECS/ *

w RI-IARS _ RADIIIS OF PI ANEI ,'SPECS/

* _EARIH _ ACCELERATION DLIE *

* TO GRAVITY /SPECS/ ÷

* O_IIPIIT FROM SUBROUTINE

* DX(] ) _ ANGULAR RATE ABOLIT PLANET *

* Dx(e) _ RADIAL COMPONENT OF VELOCITY *

Dx(3) _ ACCELERATION

* DX(_) _ TIME RATE OF CHANGE OF FLIGHT PATH ANGLE

w DX(5) E TIME RATE [IF CHANGE OF MASS (-PROPELLANT

* FLOW RATE) w

K *

DIMENSION ×(5), DX(5)

RFAI ME, ISP, MU

COMMON ISPFCS/ RATIO, ]SP, BETA, MLI, RMARS, GEARTH

***** GRAVITY AS FLINCTION OF ALTIILIDE *****

G(R) = l'ltl (i _R)**2)

*w**_ EFFFEIJVE VELOCITY (C) AND ilIRIIST *****

£: = ISP * GEARTH

"(HRLISF= REIA * C

I)_1) = (X(3) * [:OS(X(4))) / X(P)

I)X(2_ = X(3) • SIN(X(A))

DX(3) = (THRIIST I X(5)) (G(X(P)) * SIN(X(_)))

DX(k) = DX(] ) G(X(2)) * COS(xKA)) , x(3)

D_(5) = -BEIA

RFTLIRN

END



C

C

C

C

C

C

C

C

SLIBROIITINE RLINGE(T,X,DELT,N) !
W

I

* 1HIS SIeBR(ItlTINE INTEGRATES N FIRST ORDER ORDINARY DIF- *II

* FERFNTIAI FQUATIONS BY THE RUNGE-KUTTA METHOD.

*'******** *** ** *'_*************'_ "_*'_****************************** _*+I

DIMENSION X(6), DX(&), DELX(b,3), XV<6)

T2 = 1 + DEt T/2.0

CALf DERIV(T, X,DX) I
DO I0 I=I, N

DEI X(I,]) = DX(I) * DEI T

XV(1) = X(1) + DELX(I,I) 1 2.0 •
IO CONTINIIE

CAt L DFRIV(T2,XV,DX)

DO 20 I=I ,N II

DEL X ( I ,P) = DX (I ) * DELT •
XV(I) = X(I) + DEI X(I,2) 1 2.0 I

eo CONTINUE

DoCALI30DEP, IV(T2, XV,DX)i=i ,N I
DEI X(I_3) = DX(]) * DEI T

Xv(1) ---X(1) 4 DELX(I,3) I

I30 C[INT INI IF

T = T -_ DFI F

CAI I I)FRIkJ(I:XV,DX)

I)A 40 I=-I,N •
I

X(1) = X(1) + (DFI X(],I) * DX(1) .w DFIT + P.O * (DFI ×(I.P) ÷

C DEI X(1,3>)) / _.0

qO C[INTIFU IE •

IRE -rt IRN

END

I

I

I
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I
I

I
I

I

I
I
I

I
I

I
I

I
I

I
I

I
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MARS ASCFNT

ISP = 310.0000

TOF = 642•00000

MF = 1.0000000

HF = 1640400.0

VF = 11002.690

INTEGRATION STEP SIZE

XO (FEFT)

- .4676E+07

-• 4AQ3E_ 07

- .4317E+07

-. 4148E+07

-. 3985[- -,07

•3829E+07

-. 3678E407

•3532E_ O?

3392E 407

•3257E+07

•3127E+07

•30u2E_ 07

- .288J E 407

- •2766E*07

•2655E_ 07

•25_t 8[-_ 07

- .2447E_ 07

•2"]50E_ 07

.2258F.o7

.21 wOE _ 07

- .2(,E;SE + 07

_'UI IE_07

• 1 q38E _ 07

• 1P,'71F +07

• 1809F t o7

•I"756E407

HO (FEFT)

.343bE+05

;7925E+05

.1237E+06

.1679E+06

.2119E+06

.2559E+Ob

.2998E+06

.3438E+Ob

.3880E+06

.4324E÷06

.4771E+06

.5222E+06

.5677E+06

.6138E+Ob

.&603E+O6

.7074E+06

.7552E+06

.8035E+06

.8525E+06

.9021E+06

.9523E+06

.1003E+07

.105qE+07

.JIO6E407

.1158E407

.1193E+07

2.000

VO (FT/S)

6603.

6]69.

5758.

5369.

5000.

4649.

431b.

3998.

369k.

3404.

3127.

28bl.

2606.

2361.

2125.

_898.

1677.

I_64.

J25&.

1053.

855.0

_StD. 3

#68.8

_HO. u

03. "76

R75.5

GAMMAO

.7964

.8235

.8515

.8804

•9105

.9415

.9737

1.007

l.Okl

1.077

1.113

I•151

1.189

1.229

1.269

1.309

1.349

1.389

]._28

1.466

1.500

1.529

1.552

1.566

].571

k._46

2N?

MASS

2.000

2. 100

2.200

2. 300

2.400

2.500

2. 600

2.700

2.800

2.900

3.000

3.10o

3 •200

3.30"'

3.400

3.5OO

3. 600

3. 700

3. 800

3.9t,(_

. ] O0

. 2tJ(

._. 3(",

q. 500

12 3



MARS ASCENT

ISP = 310.0000

TOF = 6#0.00000

MF = 1.0000000

HF = 16#0400.0

VF = 11002.690

INTEGRATION STEP SIZE

XO (FEET) HO (FEET)

- .4661E407

.4479E_ 07

•4303E_ O?

.41115E_07

.3972E_ 07

.3816E+07

- 3665E+07

3520F407

338 ]E'_07

3246E_ 07

31 I_-,E_07

2991E_ 07

28? lE+ 07

2'_52,C _07

2hq 5F_,07

2539E ,07

- 2438F*07

2341 E* 07

- 22A9E +6)7

2 162E-_ O?

20EK_E iu7

2003Ft 07

-. IQ31E*07

• t_tJ_E, O?

• 180DEJ 07

. 1751E_07

.4519E+05

.8981E+05

.1340E+06

.1780E+06

.2217E+06

.2654E+06

.3091E+06

.3529E+06

.3968E*06

.4410E+06

.4855E+06

.5304E+06

.5757E406

.6215E+06

.6678E406

.7148E+06

.7623F+06

.8105E÷06

.8593E_06

.9087E*06

.9587E+06

.1009E*07

.I060E_07

.1112E*07

.I16A£_07

.1190F+07

2. 000

VO (FT/S)

6587 •

6152.

5741.

5352.

4983.

4632.

4298.

3980.

3677.

3387.

3110.

2844.

2589.

234#.

2J08.

1881 .

1660.

1447.

1239.

I U3'7.

838.4

_,3.7

452.2

2_,3.5

'_'_. 20

1048.

GAMMAO

.7945

.8216

.8497

.8787

.9088

.9399

.9721

1.005

1.0AO

1.076

1.112

1.150

1.189

1.228

1.268

].309

1.350

1.390

1.429

1.467

1.501

1.531

1.553

1.5,67

1.59J

4.505

MASS

2.0O0

2.100

2.200

2.300

2.400

2.500

P.600

2.70u

2.800

2.900

3.000

3.100

3.2O0

3.300

3.400

3.500

3.600

3.700

3.800

3.9O0

4. OOO

4. 100

4. 200

k. 3t,O

g .40t'

g. 50(,

'_-_1

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I
/2 1



I

I
I

I
I

I
I

I
I

I
I

I
I
I

I
I

I
I

I

............ o.

ISP = 310.0000

TOF = 644.00000

MF = 1.0000000
HF = 1840400.0

VF = 11002.690

]NTEGRATION STEP SIZE =

XO (FEET) HO (FEET)

.4691E+07

.4508£_407

.4331E+07

-. 4 162E..I 07

-. 3998E+07

- .3841E_ 07

.3090E_ 07

•3544F_ O?

- .3kO3V-* 07

- .3268E_07

•3138E + 07

•3012E-407

-.28QIE+07

- .P.79,_[ 407

-"•P6&qE'* 07

.2557E+07

•2_55E t0"2

- .2358E-J 07

•222,6E i07

- .2178E407

.PuQ6E-t 07

.2018E_ 07

-. I9#5E+07

-. 1_70V,07

- .1815E'-:07

- .1758E+07

.2349E+05

.6865E+05

.1134E+06

.1578E+06

.202JE+06

.P463E+06

.2904E+O&

.3347E+06

.3791E+06

.4237E+06

.4687E+O&

.5140E+06

.5597E+06

.6060E+06

.6527E+06

.7001E+06

.7480E+O&

.7965E+06

.R457E+06

.8955E+06

.9459E406

.9968E+06

.IOkBE+O?

.II00E407

.1153E*07

.1188E+07

2.000

VO (FT/S)

6620.

6186.

5775.

5386.

5017.

4666.

4333.

4015.

3712.

3422.

3144.

2899.

P6_4.

2379.

2143.

1915.

1695.

1481.

I_73.

1070.

871.7

e,77.0

485.5

DO(,. b

! 10.3

841.8

GAMMAO

.7983

.8253

.8533

.8822

.9122

.9431

.9752

1.oo8

1.o43

1.o78

1.11_

1.15P

1.190

1.229

1.269

1.309

1.349

1.389

1.428

1.465

1.499

1.528

1.551

1.56_

1.571

4.666

MASS

2.000

2. JO0

2.200

2.300

2.400

P.500

2. 600

2. 700

2.800

2.90o

3. 000

3.100

3.200

3.300

3. qoo

3.500

3. 600

3.700

3. 800

3. _00

4.00o

q. 1()0

q. 200

'-*.300

q , -h(}O

q. 500

/15



I-i_RS ASCENT

ISP = 310,0000

TOF = 646.00000

MF = 1.0000000

HF = 16#0#00.0

VF = 11002.690

INTEGRATION STEP SIZE

XO (FEET) HO (FEET)

- .L_O6E-, 07

-. 4522F-, 07

- .4345F+07

- .4]75E-f07

-. 40 J2E-_ 0"7

•3854E_ 0"7

- .370PE+07

.3556[--s 07

.3q J5E_ 07

- ,3279E*07

.3148E_07

.3022E+07

--. 290 JE+07

--.2785k_07

.2¢-,73F a 07

•2566E+07

.P46AE_ 07

- .2367E" 07

22 7'_E"07

21 [_6E_ 07

2 JO[]E_ 07

20DSF_ 07

- IQSPF+07

1 _78,+r,,0 _

• 1 _P ] E 107

.1765E_ 07

.1257E+05

.5800E+05

.I030E+06

.1477E+Ob

.192_E+06

.2366E+06

.2810E+06

.3255E+06

.3701E*06

.AI50E+06

.4602E+06

.5057E+06

.5517E+06

.5981E+06

.&451E*O&

.6926E+06

.7408E*06

.7895E+06

.B388E*06

.8888E*O&

.9394E+06

.9905E+06

.10#2E+07

.109qE_O?

.]IA7E_07

.JIgOE+07

2.060

VO (F!/S)

6637.

6203.

5?92.

5403.

5034.

4684.

4350.

4032.

3729.

3439.

3162.

2896.

P641.

2396.

PJ60.

1932.

1712.

1698.

12_0.

10R7.

888,5

h93.7

502.1

313.2

I_.9

-631.6

GAMMAO

.8001

.8271

.8551

.8840

.9138

.9448

.9767

1.010

1.04k

1.079

1.115

1.153

1.191

1.230

1.269

1.309

1.349

1.388

1.427

1.464

1.497

1.527

1.550

1.565

1.5'71

4.507

MASS

2.000

2.I00

2.200

2.300

2.400

2.500

2.600

2.700

2.800

2.900

3.OO0

3.100

3.200

3.30O

3.400

3.500

3.600

3.700

3. 800

3. 900

4. O<_ti,

k. I Or)

4.2, )0

.3(J0

4. AO0

4. 500

_1

I
I
I

I

I
I

!
I

I
I

I
I
I

I
I

I
I
I



}

I

I
I
I

I

I
I
I

I
I

I
I

I,
I

I
I
I

I

MARS ASCENT

ISP = 310.0000

TOF = 650.00000

MF = 1.0000000

HF = 1640A00.0

VF = 11002.b90

INTEGRATION STEP SIZE =

XO (FFET) HO (FEET)

.A936F+07 -9392.

2.000

VO (FT/S)

6671.

GAMMAO

.8039

MASS

2.000



MARSASCENT

ISP = 310.0000

TOF = 690.00000

MF = 1.0000000

IIF = 1640400.0

VF = 11002.690

INTFGRATION STEP SIZE

XO (FFFT) HO (FEET)

- .5039E+07

•_80 3E+07

-.4656[,07

•4475E_ 07

.0301F_07

•4 I3q F_ 07

•3973E_ 07

•38]BE'_07

- .36_,9F407

-- .3525[, 07

•3386E+07

•3253E_ 07

.3124E,07

•30<)1F :07

.28_PF _07

2768[--i 07

2_,,'-,oF, 07

255e, F _07

- 2456t--, 07

- 236.2C, 07

- P273E+07

P 180F-_ 07

.2109E407

• PO3kF _(,7

-.2393E+06

-.1877E+06

-.1368E*06

-.8625F_05

-..3605E+05

.1394E+05

.6381E+05

.1137E+06

.1635E+06

.PI36E+06

.P638E*06

.3143E+06

.3651E+06

.4163E+06

.4679E+06

.5199E+06

.5725E+06

.b255E+O6

.6791E+06

.7332E+06

.7878E+06

.8429E406

.8984E-06

,9504E+06

2.000

VO (FT/S)

7024.

6591.

8183.

5796.

5429.

5079.

4747.

442Q.

4126.

3836.

3559•

3292.

3036.

2790.

2552•

2322.

21(90.

1884.

16"7q.

1_9.

12_8.

1()72.

878,9

688.9

GAMMAO

.8404

.8667

,8937

.9214

.9499

.9792

1,009

1.040

1.072

1.104

1.137

1.171

1.205

I.239

1.274

1.309

1.344

1.378

1.412

l._AA

1.475

1.503

1.527

1.547

MASS

2.000

P. 100

2.200

2.300

2. 400

2. 500

2. 600

2.700

2.800

2. c_00

3.000

3.100

3. 200

3. 300

3. 400

3.50o

3.600

3.7ou

3. 800

.q'C)'._

A .Ot)(_

.I0(_

4 .200

q. 300

_l

I
I

I
I

I

I
I
I

I
I

I
I

I
I

I

I
I

I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

-.19&5F407

-.19001407

--.1840E4-07

.1786,F+07

.1011E+07

.1067E+07

.1124E+07

.11_6F÷07

50J.7

316.9

J34.5

-797.4

1.561

1.569

1.571

4.564

4.AO0

4.500

4.bOO

4.700



MARSASCENT

ISP = 310.0000
TDF = 700.00000
MF = 1.0000000

HF = 1640400.0

VF = 11002.690

IN]EGRATION STEP SIZE =

XO (FEET) HO (FEFT)

-.5JJ5E407

-.4_17E407

-.4726E407

-.4543E+07

.A368E407

.AJ98E_07

-._035F,07

.3878E+07

.3727E407

.3581E+07

- .3q_OF_07

.3305E_07

.3175E407

.3050E407

.PO3UFI07

.28]5C_07

.PToqF_,i)7

-.25QQF+07

.2498F_07

.2qO3E_07

.P3J2U_07

.SPP6EI07

.?!Iz,SF_07

-.2069F407

-.2997E+06

-.2467F+06

-.194AE+06

-.1425F+06

-.9095E+05

-.3964F+05

.1153E+05

.6263F+05

.1138E+06

.1650E+06

.2164E+06

.2680E+06

.3200F÷06

.3723E+06

.4250E+06

.4780E+06

.5316E+06

.5857E+06

.6402E+06

.6953E+06

.7508E+06

.8069E+06

.8633E*06

.9202E+06

.5OO

VO (FT/S)

7117.

6685.

6277.

5890.

5523.

5174.

4841.

4524.

4221.

393J.

3653.

3386.

3J30.

2883.

2645.

24_5.

2191.

J975.

1764.

155w.

1358.

llbl.

_67.5

777.2

GAMMAO

.8494

.8755

.9022

.9297

.9579

.9868

1.016

1.047

1.078

I.]09

1.142

1.175

1.208

1.242

1.276

1.310

1.3q3

1.377

1.410

1._kl

_.471

1.498

1.523

1.543

MASS

2.000

P.100

2.200

2. 300

2.400

2. 500

2.60<)

2. 700

2.800

2. 900

3.000

3. 1UO

3.80o

3. 300

3. 400

3. 500

3.6Uf-_

3. 700

3.80_

3. 900

_,. 000

q . IO0

k .20V

4.3t_t_

I

I
I
I

I

I
I
I

I
I

I
I
I

I

I
I
I

I



I

I

I

I

!

I

I

I

I

I

I

I

I

I

I

I

I

I

I

_.X

-. 1998E÷07

•193Z'E. 07

• !870E. 07

- • 18! 3E+07

-. J750F4-07

\
.9775E+06

.1035E+07

.1093E+07

.1151E+07

.1112E+07

589.4

404.6

221.8

41.44

-_001.

I .558

I .567

1. 570

I .571

-I .493

4.400

4.500

4.6O0

4.700

4.800



S Ru]e

! Mdot=(AtlPclsqrt(RITc))tsqrt(oaxal((21(Oaua+l))^{(gaua+])l(gaiea-]))))
$ He=sqrt((21Oel)$(((PclPe)^fqeIIqaeia))-l))
! Aelkt=(JlNe_Ii(21IOaiea+]))|(J+T(Oalea-])12)lHe^2))^(IoaMa+l)1211oauaoJ))
! Aratio:AelAt
! Rt:sqrt(AtlN())
I Re=sqrt(Ae/pi())
I RI:I.SIRt
I R2=,3821Rt
! Ln:Lfg(Rtl(sqrtiAratioi-ll+RJl((lltan(iIpha)l-l))ltinialphi)
I gpl:gzui + I
I gl|:QaMi - ]
I nu=(sFt(gpl/gsl)litin(sqrt (9sll(fle^2-Jllop|l)J-(itin(sqrt(fle^2-1)))
$ thetil:nul2
I Na:.3B2tRtlsin(thetil)
I it=Rtl(l+,_21([-cos(thetal)))
1 Ln:al((Re+b)^2)+(
I Na=al(lNt+b)'2)+c
$ a=tan(phiI)/(21(Nt+b))
I phi2:atan(2$al(Re÷b))
! phil:(pJ()12}-theta!
! phi2:(N()12)-theta2
$ thrust=HdotSUe
I SOS:sqrt(oaaizlRtTe)
I Te:Tcl(l+IgilSHe^212))
I Ue=Hel50S
I REIRC:HICIRC+RIars
I VIC]RC:SORT(MUIarslRIC]RC)
I RPOA:HPOA+Riars
I RPOP=HPOP+Rmars
I APO:(RPO_+RPOP)/2
I VPDP=SORT(HUlarsI((2/RPOP)-(]IAPD)))
! DVPOI=VPOP-V]CIRC
$ HRPOI:EXP(DVPOI/ISP)
! RCO_:HCO_+RIars
I RCOP:HCOP+Riars
I ACO=(RCOA+RCOP)/2
I VCOA:SgRT(MUearsI((2/RCO_J-(I/ACOJJ)
I DVCIRC=VIC]RC-VCOA
I MRCIRC=EXP(DVCIRCIISP)
! VCOP=SQRT(HUaarsS((21RCOP)-(IIACO)))
! DVCDI=sqrt((VCOP*2)+(2IgIHCOP))
S DVT=DVCOI+DVCIRC+DVPOI+DVBRAV
I HRCOI=EXP(DVCOIIIBP)
I HRTOTAL:MRCOIIHRCIRCIMRPOIIHRGRAV
I _DRY:ISTFACTIHPROP)+HPAY
! MO=MDRY+MPROP
I RICIRC=RCOA
! RJCIRC=RPOP
I DVBRAV:QITB
I TWRATIO=THRUST/WEI6HT
I WEI6HT=HOIo
$ Hdot=THRUST/]SP
I TD:(HOI(I-(II(HRCOIIHRGRAV))))IHdot
! _6RAV=EXP(DV6RAV/ISP)
I 9:MUlars/(Rnars^2)
I flRTOTAL:HO/MORY
$ 6zax=THRUBTI(HOI(P_COIIHRBRAV))Ig.8066
I HdotO=OFRWlfldot/(l+OFRW)
I HdDtF:_dDt/IJ÷OFRW)
I DensF:DensH2OlSpGrF
I DensO=DensH2OISp6rO
I PdotF:MdotF/DensF
! VdotO=BdotO/DensO
$ Vdot =VdotF+VdotO
I OFRV =VdotO/VdotF
! HF=HPROP/(I+OFRW)
I MOx:OFRWIM_OPI(I÷OFRW)
I VolProp : Vo]O + VolF
I VoIF:HF/DensF
I VolO:HOx/DensO
I ISP:sqrt(21QaRalRIfcl(l-((PelPc)^(gsllginla)))lom])

I

I

I

I

I

I

!

!

I

I

I

I

I

I

I

i

I



I
I

I
I

I
I

I
I

I
I
I

I

I
I
I

I
I

I
I

APPENDIX E.!

?_53



"Lb

I

St !r¢._.J.t

g.81
4
24
.79
3.49
4
5
5
.81
1._
5OO
0
500
2
98.,29

1117.26
L

2
27261.2
2
494.2

4
5272.5

4

I

365

L 2105

3OO

1
5O
66
2O0

.0O44
L

_e &;t_.,. t L_ i t
TM 178659.02 k 9

ge m/s'2
nCP_W
nO_YS day
_d kg/dog
021 oss kg/dog
1,121ass kg/doy
WUF kg/d_
WUH kg/doy
FMR kg/doy
C02P kg/doy
CM kg

CorgoFu kg

EUA fue I kg
nScMun i

ScM kg
SSM 1_58 kg
PSM 3500 kg
EUM kg

FM 79413.482 kg
HoHob i t
114abit

lioTu_ne
M'l'unneI

No IFM
MIFM

P_¢3M 6_20.8

rE •

l_r,g IO3g.29f'_.
pT %

Isp sac
c 35B0.65 mIs

de Itoy m/s

Me 1_59.02 kg
T 23{__59. g N

Me_ 79413.4_ k9
TTT 947839.61 M
TT 236959.9 M
Tom

02M 1 159.6 kg

[i2M 1 _ kg
WaterM I g60 k9
foodM 1 ??. ?E, kg

C02M 1 187.2 kg
ne_RCT •

kWRTTpR kN
P_ kg/idJ
BPKKUP kg

TonkMas 1178.9883
EMGIHEM 41,"t3.4943
TF
Mrat io ._5

kg/M

C_t
toto I Boss
CONSTRHTS

Earth groui tg
• cf_l
# _ of Iis$ion
oxygen I erew / dag

Oxggen loss to _/cloy
Hitrog_ loss to dR>ace/day & cr_e/cabin
water use/mcm/ck_ for food
water, use/mon/d=j for I_lgiene
food =¢_s/cr_/doy
C02 production/ion/dog
cargo mass
CaPgo Fue I Moss
fuel for eva sgstems
limber of StructuPal modules
Mass of structural module

Structural S_stem mass
supp Iy mass nuc Iecr+ba t tar i es

EUR Support mass

Fuel mass (input gues__)
*Pkad>er of Habitation Mod.+corgo Mad
Moss of tK_bitation module

Humber of tunnels*includes cargo
Mass of tunne I

Plumber- of Interfac_ modules =/airlock+co
Mass of interface module w/oirlock
Mass of Habitation elements

EMG IPIES

nuwP._=r of engines
l'_==.s of engines

t max imum _ irg norma I use
specific thr_J__t of engine
exit Veloci tg
delta v required to obtain transfer
total mass of vessel

thrust of one engine
Mass expel led L-_ engines (actual as per
TOTAL TI_,UST OF ALL EI4GIHES

Maximum thrust of one engine
time of burn

ECLSS SYSTEM

M_s of _n needed by cry/cabin
MOSS of Mitrogen needed _ crew/cabin
mass of water needed for crew support

Mass of food required

mass carbon d i ox i de produced
number of :r,.l:r'-100 type reoctor_

power of the r_a:leor reactor
power, per" kg of the reactor" sgstem

back up sa_lstem Batteries

Rpproximaste mass of tanks

Mass of engines total

mass of engine per unit thrust
Patio of masses for transit one wag.

I
I
!

I
I

I
I

I
I
I

I

I
I
I

I
I



S RulQ
" ECLSS SYSTEM

* 02111= nCREW*nORYS*O2pcd + 021oss*nDRY$
* 02111= nCREW*nORYS*O2pcd + 021oss*r_
* M2111= _loss
* gaterM I=r_N*r_*(NUH+NUF )

* foodM1= nCREW * nDRYS * FII_
* (;02111= r_:FE_W* nDRYS * C02P

" F_NOECLSS PRII1RRY

* TankMass=(O2M 1+142111)/2.9+(FM/107 )+Waterll I* 1.514.13

"Mass of sgstem
* SSII=ScM*nScMuni ts
* HRBII=NoHob i t*llHab i t+MoTunne I_lTunr, e I +rio I FM*M IFM
* TM=F'_11+SSM+EUI1+CM+FM+EURfue I+HRBM+Tor_s+EMG INEI1RSS+CorgoFue I

" PONER SYSTEM MRS$

* PSM=noRERCTORS*kWRTTpR*PwR+BACKUP

"er__ine section
* TM=Mo

* ENG INEMRSS=nE*T*TF

* c= Isp*ge
* llratio= I/(MoI(Mo-Me ))

* deltou= e * In(Mol(llo-Me))
* TT=Me_/'r0B/hE*x:
* T=TT/pT
* TTT=TT*nE

" now establish t_m _izing criteria for iter.ative solving
* Me=FM

* IIEr_=,T/228
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P-5-

I
I

I
I
I

I

i
I
I

I
I

St Ir_ut

437
460

;8
3.4142
.1
2.07g

NQm_

r_otm

ntt
ntb

mtm

nm
_.,Im
cr, sec

densma t
llRSSTRU 601. 68294

MossCOM 0828. g 17

MRSSEND 30. 084147
5 noT_US
108 mTHR,L_T

MRSSPOT 1.4115246 kg
70 LENGTH ft
60 141DTH f t
• O01533 DEPTH ft

MRSSLan 450 kg
112.5 massLan kg

MRSSthe 4860 kg
g noPRItEL =

450 massF'ar, kg
t. 2 RL:';_FN #

WRTTr.em 17.356211 KW

MRS".r-ts 750 kg
f_, noRTS #

50 un i tMAS kg
75 r tsFUEL kg
4 HITr =

I00 Hi MRS kg

500 H i F kg
MHi TH 2400

•63883096

Unit

I

II

kg
tl

m

cm 2

glcc
kg

C_n

number of truss elements vericol ty
number of truss element_ I-_-_-izontaI ly

total mass of single truss element
number of m_bers in truss element

average ler_Jthof truss element members
cross sectional area of truss element me

den_itg of material u_ed &RRPHITE E_XV

total mass of truss system

Mas; of total structural component

mass of end plates
number of t_-ust rod_ used
mass of thrust rods used
Mass of the Understructur.e

Length of vehicle module structure
Width of vehicle module structure
thickness of the under.kin

total mass of landing gear. subsystem
mass of sing!e landing gear- subsystem
total mass of thermal rejection system
r_mter of therm_l p_,,els
,,as_ of each of 70'xS' par, el_

od_ subsystem mqzs
energy disepated

control jet mass

number of cont_-o! jets
mass of one control jet
ma$_ of rts fuel&tank on site

High Thrust Engines for. lift off
Mess of High THrust Engine

Mass of High Thrust Fuel (local,

Mass _stem

feed fr

Rul_
nctm-ntt÷ntb

* mtm=rm,*avlm*crsec*densmater.*.05

* MRSSTRUSS=notm*mtm*I.05 "note correction for odditior,=l securing mass
Ilt=rE;$END=._*Mt=_SSTRL_$

* MRSSBOT=LENGTH*WIDTH*DEPTH*densmater/IO00

* MRSSLanding-4*_ssLanding
* IIR$Sther-mal=r_1_ltELS*massPanels*RUXFR
* WRTTremoved=noPRNELS*.17143*1.2*I.EItGTH/100*WIDTHi100"usir_ the rated output of
* MRS_rts= noRT$+,_ni_MRS_rts+noRTS$rt_fL_.L
* MHiTH=HiTr*(HiMFIS+HiF)
* M_ss_4_MP=(_1R_SB_T+MR_TRU_+MHiTH_MR_E_D+MR_the_`me_MRSSrt_+n_HRLE;TR_Ds*mT_

i


